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lll. Abstract

Neurotransmitter release via synaptic vesicle fusion is essential for fast and reliable
neurotransmission in chemical synapses. This process is mediated by the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, composed of
Syntaxin-1 (Stx1), Synaptobrevin-2 (Syb2), and Synaptosome-associated protein 25 kDa
(SNAP-25), and is further orchestrated by key regulator proteins such as Munc18-1 and Munc13-1.
Mutations in SNARE and regulatory proteins are associated with a group of neurological disorders
known as SNAREopathies, which present with a range of phenotypes from cognitive impairments
to epilepsy.

In this work, we investigate the molecular impact of two clinically significant mutations in Syntaxin-
1B (Stx1B), E210K and L221P, both of which are associated with distinct epilepsy phenotypes.
Despite their clinical relevance, the molecular mechanisms by which these mutations disrupt proper
neurotransmission have remained unclear. Our findings reveal that the Stx1BE2'%% mutant primarily
affect the interaction to Munc18-1. The mutation introduces charge repulsion between the
Hane domain and the SNARE motif of Stx1B, altering the conformation and significantly reducing its
binding affinity to Munc18-1. This alteration can be rescued by charge reversion of the opposing
K82 side chain in the Hapnc domain (Stx1BE210KK82E) 'restoring interaction almost to wild-type level.
In contrast, the L221P mutation directly compromises the structural integrity of the SNARE motif in
Stx1B. The substitution of proline affects the helicity of Stx1B, SNARE complex stability and
significantly reducing the efficiency and velocity of liposome fusion in vitro. The distinct molecular
effects of these two mutations demonstrate how specific alterations within the same SNARE motif
can lead to diverse pathophysiological outcomes.

In vivo experiments, performed in collaboration with the University of Oslo, using zebrafish models
expressing human Stx1B wild-type and mutant constructs display an increased number and
duration of seizure events in the mutants, as measured by local field potential recordings.
Additionally, the E210K mutant exhibits an impaired touch response. Importantly, both the seizure
activity and the altered touch response by Stx1BE?'X were rescued in zebrafish expressing the
charge-reversion rescue mutant Stx1BE?10KK82E '\hich partially restored normal local field potential
patterns and behavioral responses. These results suggest that the molecular alterations in SNARE
complex formation and function are directly linked to the epileptic phenotypes observed in vivo.
Additionally, we investigate the interaction of Syb2 with its regulatory partners, Munc18-1 and the
MUN domain of Munc13-1, which are crucial for aligning and stabilizing the SNARE motifs of Stx1
and Syb2, ensuring proper SNARE complex assembly. Our findings confirm that Syb2’s
juxtamembrane domain (JMD) binds to the C-terminal region of the MUN domain of Munc13-1, with
both tryptophan residues in the JMD acting as anchor points. Additionally, cross-linking
mass spectrometry revealed that the SNARE motif of Syb2 aligns with the concave side of the MUN

domain, and an additional binding site for Syb2 was identified in domain 1 of Munc18-1.
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lll. Zusammenfassung

Die Freisetzung von Neurotransmittern durch synaptische Vesikelfusion ist entscheidend fur eine
schnelle und zuverlassige Neurotransmission in chemischen Synapsen. Dieser Prozess wird durch
den l6slichen N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-Komplex
vermittelt, bestehend aus Syntaxin-1 (Stx1), Synaptobrevin-2 (Syb2) und dem
Synaptosome-associated protein 25 kDa (SNAP-25). Die Bildung des SNARE-Komplexes wird von
Regulatorproteinen wie Munc18-1 und Munc13-1 gesteuert. Mutationen in SNARE- und
Regulatorproteinen sind mit einer Gruppe neurologischer Erkrankungen verbunden, die als
SNAREopathien bekannt sind und von kognitiven Beeintrachtigungen bis hin zu Epilepsie reichen.
In dieser Arbeit untersuchen wir die molekularen Auswirkungen der klinisch relevanten Syntaxin-1B
(Stx1B)-Mutationen E210K und L221P, die mit unterschiedlichen Epilepsie-Phanotypen assoziiert
sind. Trotz ihrer klinischen Bedeutung sind die molekularen Mechanismen, durch die diese
Mutationen die korrekte Neurotransmission stéren, bislang unklar geblieben. Unsere Ergebnisse
zeigen, dass die Stx1BE?'%%-Mutante hauptséachlich die Interaktion mit Munc18-1 stort. Die Mutation
verursacht eine LadungsabstoRung zwischen der Hapxe-Doméane und dem SNARE-Motiv, was die
Konformation verandert und die Bindungsaffinitdt zu Munc18-1 signifikant reduziert. Diese
Beeintrachtigung kann durch eine Ladungsumkehr der gegenuiberliegenden K82-Seitenkette
(Stx1BE210KK82E) nahezu vollstandig behoben werden.

Im Gegensatz dazu beeintrachtigt die L221P-Mutation die strukturelle Integritdt des SNARE-Motivs.
Die Prolin-Substitution beeinflusst die Helizitdt von Stx1B, was die Stabilitit des
SNARE-Komplexes verringert und die Effizienz und Geschwindigkeit der in vitro-Liposomenfusion
signifikant reduziert. Die unterschiedlichen molekularen Auswirkungen dieser beiden Mutationen
zeigen, wie spezifische Veranderungen innerhalb desselben SNARE-Motivs zu vielfaltigen
pathophysiologischen Ergebnissen fliihren kénnen.

In vivo-Experimente mit Zebrafischen, die humane Stx1B-Wildtyp- und Mutantenkonstrukte
exprimierten, durchgefihrt in Zusammenarbeit mit der Universitat Oslo, zeigen bei den Mutanten
eine erhohte Krampfaktivitat und -dauer, gemessen anhand der lokalen Feldpotenziale. Zudem
weist die E210K-Mutante eine beeintrachtigte Beriihrungsreaktion auf. Diese Effekte werden durch
die Rettungsmutante Stx1BE210KK&E ghgeschwacht, wodurch normale Feldpotenziale und
Verhaltensreaktionen teilweise wiederhergestellt werden konnten.

Des Weiteren untersuchen wir die Interaktion von Syb2 mit Munc18-1 und der MUN-Domane von
Munc13-1, die flr die Ausrichtung und Stabilisierung der SNARE-Motive entscheidend sind.
Unsere Ergebnisse zeigen, dass die juxtamembrane Doméane (JMD) von Syb2 an die C-terminale
Region der MUN-Doméane bindet, wobei die beiden Tryptophanreste als Ankerpunkte fungieren.
Zudem zeigen Crosslinking-Massenspektrometrie-Experimente, dass sich das SNARE-Motiv von
Syb2 an der konkaven Seite der MUN-Domane ausrichtet, und wir identifizierten eine zusatzliche

Bindungsstelle fir Syb2 in Domane 1 von Munc18-1.
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1. Introduction

1.1. Mechanisms of fast and reliable neurotransmission

Fast and reliable neurotransmission is a key process for every human being. It is the crucial
mechanism that underpins communication within the nervous system, enabling us to think, feel and
experience the world around us. Involving the transmission of signals between neurons or non-
neural cells like muscle or sensory cells, it is a dynamic and highly orchestrated process. Neuronal
networks are one of the most intricately organized structures to have ever evolved in organisms.
The human nervous system contains 10'° — 10" neurons, each forming 10000 or more functional
connections, forming a network of extreme complexity [1].

Despite the great complexity of the nervous system, much is already understood about its
molecular modes of operation. The function of the nervous system depends largely on the electrical
activity of excitable neurons and the complexity of the nervous system is not based on a large
number of fundamentally different signals, but in the number and complexity of connections formed
between neurons [1].

Neurons, often referred to as the basic building blocks of the nervous system, play a fundamental
role in transmitting and processing information within the intricate neuronal network. These
specialized cells are responsible for the electrochemical communication that underlies all cognitive
functions, sensory perceptions, and motor actions [2]. Structurally, neurons exhibit a distinct
morphology comprising three main components: the cell body (soma), dendrites, and an axon with
its axon terminals (Fig. 1.1 A)). The soma, housing the nucleus and vital organelles, serves as the
metabolic hub of the neuron. Dendrites, extending in branching patterns from the cell body, receive
signals from neighboring neurons or sensory receptors. The axon, a lengthy projection stemming
from the cell body, carries nerve impulses away from the soma, facilitating signal transmission to
other neurons or effector cells [3]. Axon terminals, situated at the extremities of the axon, play a
crucial role in establishing functional connections with the dendrites of subsequent neurons [2].
These functional connections between neurons are called synapses (Fig. 1.1 A)). They represent
the meeting points of neurons, where the exchange of messages takes place. Based on the
transmission mechanism, two types of synapses are distinguished: Chemical synapses and
electrical synapses [4].

At electrical synapses, nerve impulses are transmitted directly as electrical impulses from the
presynaptic to the postsynaptic neuron and the transmission practically takes place without delay
(Fig. 1.1 B)) [4, 5]. The continuous transmission of action potentials is made possible by the fact
that the synaptic cleft at the electrical synapse is very narrow. The connection between the two
neurons is established by current-conducting channels, gap junctions, formed by protein clusters,
through which the action potentials are propagated directly into the neighboring neuron [6]. This
allows for a bidirectional signal transmission which is essential for synchronizing neuronal activity
in neural circuits responsible for rhythmic activities such as cardiac muscle contractions, breathing

and motor coordination [7, 8]. Therefore, electrical synapses are found in regions like the central



nervous system, peripheral nervous system and sensory organs where synchronous spreading of

activity within a cell cluster is needed [9].
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Figure 1.1: Neurotransmission describes the process of the transfer of an action potential A) from a presynaptic
neuron to a postsynaptic neuron through functional connections called synapses. B) Electrical synapses transmit
the action potential via gap junctions, that connect the interior of two neighboring cells and thereby enable
bidirectional signal transmission. C) Chemical synapses transmit the action potential by synaptic vesicle exocytosis
and release of neurotransmitters into the synaptic cleft, which bind to postsynaptic receptors, triggering a new
neuronal signal (created using elements from BioRender.com [10]).

Transmission“f ' Synaptic

Chemical synapses on the other hand are the more common form in in the nervous system [4, 9].
There, the transmission of excitation information from one cell to the next takes place by means of
a chemical messenger, the neurotransmitter (Fig. 1.1 C)). When an action potential reaches the
axon terminal, the presynaptic membrane gets depolarized which leads to an opening of
voltage-gated ion channels followed by an influx of calcium ions. This process triggers synaptic
vesicles (SV) to be transported to and fuse with the presynaptic membrane at distinct active zones
in an exocytotic way, releasing neurotransmitters into the synaptic cleft. The amount of transmitter
released (or the number of SVs emptied) depends on the excitation strength in the axon of the
neuron. The released neurotransmitters then diffuse through the synaptic cleft and bind to receptors

on the postsynaptic side. This opens or closes ion channels depending on the neuron type, leading



to conductance changes in the postsynaptic membrane. The altered ionic currents through the
channels of the postsynaptic membrane cause the membrane potential of the postsynaptic cell to
change — a postsynaptic potential is created [11].

The postsynaptic potential is graduated, its level depends on the strength of the excitation in the
synapse and thus on the amount of released transmitters [4]. It can be depolarizing or
hyperpolarizing. Depending on whether the membrane is depolarized or hyperpolarized, it is
described as an excitatory postsynaptic potential (EPSP) or an inhibitory postsynaptic potential
(IPSP) [12]. Thus, this leads to the fact that synapses can either promote or inhibit the generation
of an action potential in the postsynaptic cell. Whether the postsynaptic membrane responds with
depolarization or hyperpolarization depends on the receptor molecules and the ion channels they
bind to. Acetylcholine, for example, is an excitatory transmitter found primarily in neuromuscular
synapses. GABA is often found in inhibitory synapses. Glutamate, in turn, is the most important
excitatory transmitter in the brain.

After the neurotransmitters have fulfilled their signaling role, they are typically removed from the
synaptic cleft. This can occur through reuptake by the presynaptic neuron or enzymatic
degradation [11]. Thereby a termination of signal is achieved which ensures that the synaptic
communication is transient, allowing for precise regulation of neuronal activity.

The quantal release of neurotransmitters was postulated by Sir Bernhard Katz and for his
observations he was awarded with the Nobel Prize for Physiology or Medicine in 1970 [13, 14].
Compared to other cellular signaling processes, synaptic transmission operates with remarkable
speed, with only 50-100 us between the depolarization of the membrane and the fusion of SVs [15].
This rapid coordination is achieved through precise spatial and temporal alignment of these events
within a specialized area of the synapses known as the active zone. Within this zone, there is a
concentration of proteins, termed the cytomatrix of the active zone (CAZ) [16]. Protein scaffolds of
the CAZ are characterized by their multi-domain nature, which links various functionalities, and
their direct or indirect connection to membranes. This combination creates neat interaction surfaces
that facilitate the spatial and temporal organization of protein-protein interactions as well as
enzymatic activities. Examples of components in the CAZ include large proteins like Bassoon and
Piccolo, Rab3 interacting molecules (RIMs), and the soluble N-ethylmaleimide-sensitive-factor
(NSF) attachment receptor (SNARE) regulator Munc13-1 (Fig. 1.2 A)) [17]. These proteins facilitate
a close-knit physical and functional connection between the calcium channels in the presynaptic

neuron and the machinery responsible for vesicle fusion [18].

1.2. Molecular mechanisms of synaptic vesicle docking, priming and fusion

To ensure rapid and synchronized coupling of action potentials to neurotransmitter exocytosis, a
number of SVs are directly docked at the active zone, poised to respond to calcium influx. These
docked vesicles can be referred to as the readily-releasable pool (RRP), the size of which may vary
between synapses. In cerebellar, cortical, and hippocampal typically around ten SVs can be found

docked to each active zone [17, 19]. The docking of SVs relies on interactions between vesicle



proteins and components of the CAZ. A central figure in this process is the vesicular GTPase Rab3,
which forms a complex with CAZ proteins RIM and Munc13, guiding vesicles to the active zone
and initiating docking (Fig- 1.2 A)) [20-22]. Interestingly, in Rab3 knockout mice, complete abolition
of SV docking does not occur, suggesting compensatory mechanisms involving other vesicle
proteins [23]. RIM, in conjunction with the RIM-binding protein (RIM-BP), also forms a complex that
tethers calcium channels, ensuring their concentration at the active zone. Docked vesicles exhibit
significantly reduced mobility compared to cytoplasmic vesicles. However, they can still be easily

differentiated from the almost stationary primed vesicles [24].
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Figure 1.2: Molecular mechanism of synaptic vesicle docking, priming and fusion A) Synaptic vesicle docking is
conducted through the interaction between Rab3 and RIM, and Munc13-1’s vesicle tethering. B) Partially assembled
SNARE complex enables synaptic vesicle priming. Complexin disables complete SNARE complex formation.
C) Ca?*-influx triggers conformational change of Synaptotagmin, displacing Complexin and enabling complete
SNARE complex formation, thereby exerting force on the membrane and culminating in vesicle fusion with the
presynaptic membrane.

Vesicle priming is essential for enabling rapid fusion in response to elevated calcium levels and
relies heavily on SNARE proteins and Sec1/Munc18-like family (SM) proteins [25]. The formation
of a partially assembled SNARE complex between these proteins brings the vesicle into close
proximity to the plasma membrane. In the final priming step, Complexin inhibits the completion of
complex formation, leaving the vesicle fusion machinery in a primed, metastable state (Fig. 1.2 B))
[26]. With the SV now primed for Ca?*-triggered fusion, Synaptotagmin undergoes a conformational
change upon Ca?* influx, displacing Complexin. This enables the completion of trans-SNARE
complex assembly, generating force transferred onto the membrane, leading to vesicle fusion with
the plasma membrane in microseconds [27]. Recent research also suggests a more intricate role
of Synaptotagmin in membrane fusion through dynamic interactions with both the SNARE complex
and the plasma membrane [28]. Fusion of the SV with the plasma membrane opens a fusion pore,
allowing neurotransmitters to diffuse into the synaptic cleft. This leads to complete merging of the
vesicle and plasma membrane, converting the trans-SNARE complex into a stable cis-SNARE
complex (Fig- 1.2 C)).

Active dissociation of this complex into its monomers is facilitated by the AAA+ ATPase
N-ethylmaleimide sensitive factor (NSF) and its cofactor soluble NSF-attachment protein (a-SNAP),
with recent structural insights suggesting an ATP hydrolysis-induced shearing motion in NSF as the

underlying mechanism of SNARE complex disassembly [29].



1.3. The SNARE complex: driving force of synaptic vesicle fusion

The key driving force of vesicle fusion is the formation of the SNARE complex. This allows the
opposing vesicular and plasma membrane to be pulled towards each other until a fusion pore is
formed which, in most cases, expands until a complete fusion of the vesicle membrane and the
plasma membrane is fully achieved eventually. Earlier studies indicate that it may take as few as
one to three SNARE complexes to surpass the activation energy required for the fusion of lipid
bilayers [30, 31]. The unraveling of the function of the SNARE complex was awarded with a shared
Nobel Prize for Physiology or Medicine to James E. Rothman. Together with Randy W. Schekman
and Thomas C. Sidhof they were honored “(...) for their discoveries of machinery
regqulating vesicle traffic, a major transport system in our cells.” [32].

The core component of the SNARE complex consists of SNARE proteins which were originally
identified as membrane attached receptors for soluble NSF attachment proteins (SNAPs) and from
where their name originates: SNAP-receptors, in short: SNAREs [33]. There exist more than 60
mammalian SNARE proteins characterized by a shared homologues sequence known as the
SNARE motif [34, 35]. Overall, they can be categorized into two distinct groups: vesicle-associated
SNARESs (v-SNARESs) anchored at vesicle membranes, and target membrane-associated SNAREs
(t-SNARES) positioned on the target membrane. Both v-SNAREs and t-SNAREs encompass the
SNARE motif, which comprises a conserved stretch of roughly 60-70 amino acids. Individually
largely unstructured, together they form a stable four helical bundle through coiled-coil interactions
involving heptad repeats which is referred as the SNARE complex (Fig. 1.3 A)) [36].

SNARE complexes occur in various cellular contexts, including intracellular trafficking within cells
and the Golgi Apparatus. However, the most extensively studied is the synaptic SNARE complex,
composed of Synaptobrevin-2 (Syb2) and Syntaxin-1 (Stx1), each providing one SNARE motif and
Synaptosome-associated protein 25 kDa (SNAP-25) contributing two helices to the four helical
bundle [34].

The formation of the SNARE complex undergoes two distinct stages. When the vesicle membrane
and the plasma membrane approach, t-SNAREs and v-SNAREs from separate membranes form
the trans-SNARE complex. Following the fusion, the SNARE proteins that participated in the
complex formation are now termed as cis-SNARE complex as they now inhabit a single resulting
membrane (Fig. 1.2 B), C)) [37].

The advancing formation of the SNARE complex is also known as SNARE zippering. Imagining a
zipper of a jacket that would be zippered up from one end to the other, the zippering starts initially
at the N-termini of the SNARE proteins and proceeds in C-terminal direction during which the tightly
bound helical bundle formed by the SNARE proteins draws the vesicle and target membranes
together, leading to the creation of a fusion pore, allowing the release of cargo into the synaptic
cleft [38, 39]. It is hypothesized that SNARE zippering provides the necessary energy to overcome
the energy barriers, including the hydrophobic core resistance of lipid bilayers, electrostatic
repulsion between the negatively charged membranes, and the tension and curvature of the

membranes, which would otherwise prevent them from fusing [40-42].
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Figure 1.3: A) The SNARE complex is assembled by the SNARE motifs of Stx1 and Syb2, both contributing one
helix, and SNAP25, contributing two helices, and comprises 15 hydrophobic layers and one zero layer in the center
(PDB: 3HD7). B) The zero layer is the primary ionic interaction site and is formed by three glutamines (Q) of Stx1
and SNAP-25 and one arginine (R) of Syb2.

Fully formed, the SNARE complex comprises 15 hydrophobic binding layers (-7 to -1 and +1 to +8)
and an ionic binding layer (zero-layer) at the center. In each layer, there are four amino acid
residues, with one residue corresponding to each of the four a-helices (Fig. 1.3 A)). The zero ionic
layer serves as the primary site of interaction within the core of the SNARE complex, probably
serving as a proofreading site for correct assembly [43]. It achieves stability through the ionic bonds
between three partially negatively charged carbonyl groups found in glutamine residues (Q) and a
positively charged arginine (R). The Qs are provided from the t-SNAREs, Stx1 donating one and
two from SNAP-25 (one from each corresponding SNARE helix) while the R is brought in by the
v-SNARE Syb2 (Fig. 1.3 B))[44, 45]. The flanking layers are maintained by hydrophobic
interactions and act as leucine zippers, which allow for a water-tight sealing to keep the ionic

interactions of the zero-layer isolated from the surrounding solvent. [46]



The cis-SNARE complex exhibits extraordinary stability, characterized by in vitro melting
temperatures above 80 °C. This makes an active, ATP-dependent process for its disassembly into
its individual monomers necessary, which is believed to be done by a mechanism through which
a-SNAP and NSF facilitate the recycling of SNARE proteins following the conclusion of synaptic
vesicle fusion. Here a disruption of the seal, often achieved by breaking the leucine zipper, exposes
the zero-layer to the surrounding water solvent. This exposure leads to a loss of stability in the
SNARE complex. [44]

It shall be mentioned here that terminology of v-SNAREs and t-SNAREs is discussed as it is not
comprehensive enough, e.g., when describing a homotypic fusion. Additionally, numerous
SNARE proteins are found on both vesicular and target membranes. Hence, a more contemporary
classification system considers the structural attributes of SNAREs, distinguishing them into
R-SNAREs and Q-SNAREs. In many cases, R-SNAREs function as v-SNAREs, while Q-SNAREs
take on the role of t-SNARESs. As the name already implies, R-SNARES furnish an arginine residue
(R) and Q-SNAREs conversely contribute a glutamine residue (Q) to form the zero-layer.
Furthermore, Q-SNAREs are categorized as Qa-, Qb-, or Qc-SNAREs based on their position
within the four-helix bundle [38].

However, for the remainder of this work, we will stick to the nomenclature of v-SNARE and t-SNARE
since it is all-encompassing for the context of SNARE complex formation at the presynaptic

membrane.

1.4. Syntaxin-1: central hub of the SNARE complex

As mentioned, one of the two t-SNARE proteins for synaptic SNARE complex formation is
Syntaxin-1. In fact, however, the term must be split between two proteins: Syntaxin-1A (Stx1A) and
Syntaxin-1B (Stx1B), two isoforms of the Syntaxin-1 protein that coexist in neurons. While they
share a high degree of sequence and structural similarity, studies have identified distinct functional
and regulatory differences. It has been shown that Stx1A is the predominant isoform in many
neuronal tissues, particularly in the neocortex, hippocampus and cerebellum, while Stx1B tends to
be less abundant [47, 48]. Nevertheless, in situations where Stx1A is compromised (i.e., by genetic
alterations) Stx1B can compensate for its loss of function or absence to keep up neurological
activities [49, 50]. Some studies suggest, that Stx1B may be more prevalent in specific neuronal
subpopulations or brain regions, reflecting specialized roles for Stx1B on specific neural circuits or
functions [51, 52]. Fundamentally, however, both isoforms play the same crucial role in mediating
synaptic vesicle exocytosis at neuronal synapses and perform the same mechanistic pathway by
interacting with a similar set of regulatory proteins. These interactions include Munc18-1 and

Munc13-1, which play important roles in modulating the process of SNARE complex formation.
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Figure 1.4: AlphaFold 2 structure of Syntaxin-1 (Stx1) (AF-P61266-F1, [53]) with domain organization diagram.
Stx1 is a helical, multidomain protein, consisting of a short N-peptide, the Hanc-domain formed by three helices (Ha,
Hb and Hc), the linker region, followed by the SNARE motif, a JMD and the C-terminal TMR. The Habc-domain serves
as regulatory domain, folding onto the SNARE motif, forming a ‘closed’ conformation, prohibiting premature SNARE
complex formation. The TMR anchors Stx1 into the presynaptic membrane.

Stx1 (Stx1 collectively refers to Stx1A and Stx1B throughout this work) are two of 16 syntaxin
protein homologues, each of which encoded by specific genes and has distinct tissue distribution
and subcellular localization, reflecting their specialized roles in various cellular processes; l.e.,
while Syntaxin-4 is found in a wide range of cells and is involved in glucose transport, Stx1 is tied
to neurons. This whole syntaxin family is also seen as a subset of the larger SNARE family, making
them essential for membrane fusion events, particularly in the regulation of vesicle trafficking and
exocytosis [38]. For that, Stx1 is primarily located on the plasma membrane at synapses of neurons.
There it is anchored by a C-terminal transmembrane region (TMR) which is preceded by a short
polybasic juxtamembrane domain (JMD, Fig. 1.4). The JMD is composed of a basic residue stretch
that exhibits properties resembling the phosphatidylinositol 4,5-bisphosphate (PIP2) binding motif
[54].

Indeed, research has demonstrated that the JMD promotes the PIP2- or phosphatidylinositol
3,4,5-triphosphate (PIP3)-dependent clustering of Stx1 [54, 55]. Additionally, disrupting its
interaction with PIP2/PIPs results in impairments in neurotransmitter release [55]. Notably, and this
is unusual for the majority of transmembrane proteins, Stx1 is palmitoylated in its TMR [56, 57].
This proposes an mechanism for the tilting and flexibility of TMR within the membrane [58, 59].
Regardless of the specific mechanism responsible for a slanted orientation of Stx1’s in the
membrane, it is established that their tilted structure results in the immersion of their polybasic
JMDs into the membrane. This immersion potentially counteracts the repulsive forces between the
opposing vesicular and plasma membranes. Consequently, it is plausible that the JMD and TMD
of Stx1 actively modulate vesicle fusion by reducing the energy barrier for membrane merging [60-
62]. In line with these findings, studies indicate that the JMD of Stx1 controls the palmitoylation of
its TMD. Disruption of Stx1 palmitoylation, either due to mutational charge reversion or loss of TMD

cysteines hinders spontaneous vesicle fusion [63].



Precedent to the JMD is the SNARE motif which is the important structural element for Stx1’s
function (Fig. 1.4). When examined individually, outside the context of a complex, the SNARE motif
consists of two well-organized helices with the zero-layer residue Q225 (Stx1B) / Q226 (Stx1A)
positioned between them (Fig. 1.4, see the kink in the middle of the SNARE domain, separating it
in almost two individual helices) [43]. The structured arrangement of both the N- and C-terminal
halves of the unbound SNARE motif supports the findings of partially zippered SNARE complex
intermediates, where the zero-layer acts as a site for double checking accurate assembly of the
SNARE complex [64, 65]. Furthermore, it has been shown that the SNARE motif appears to have
a tendency to associate itself with the membrane surface. However, when assembled into a
complex with an interaction partner, the SNARE motif is lifted from the membrane, which is crucial
for the assembly of the SNARE complex and subsequent membrane fusion [43].

A structural characteristic that makes Stx1 outstanding from the other two SNARE proteins involved
in synaptic SNARE complex formation is the autoinhibitory Hapc domain (Fig. 1.4). It is a N-terminal
regulatory domain of Stx1, characterized by a three-helix bundle structure, composed of the helices
Ha, Hp and Hc [39]. Functionally, the Hane domain plays a pivotal role in inhibiting premature SNARE
complex formation by folding onto the SNARE motif, creating a ‘closed’ conformation, making it
inaccessible for the other SNARE proteins to induce SNARE complex formation. This ‘closed’
conformation is further stabilized by the binding to Munc18-1, one of the modulating proteins critical

for membrane fusion regulation (Fig. 1.5) [49, 66].
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Figure 1.5: Schematic representation of the structural conformations of Stx1. Stx1 can either adopt an open
conformation, in which the SNARE motif is free, or a closed conformation where the Hanc domain folds onto the
SNARE motif. Munc18-1 binds to the closed conformation of Stx1 and clamps it into this conformation.

Phosphorylation sites within the Ha,c domain enable dynamic regulation of Stx1, and also other
post-translational modifications at this site can modulate interactions with other proteins, exerting
influence over the synaptic vesicle fusion process. This underscores the indispensable role of the
Habec domain in synaptic transmission [39, 67].

The Hapc domain is N-terminally attached to the SNARE motif through a linker region, which reveals
a high level of conformational adaptability (Fig. 1.4). It has been shown that the structure of the
linker alternates between random coil state and well-defined secondary structure, depending on
the conformation of Stx1 and its interaction partners [68, 69]. Previous works also indicate that the

linker region plays a crucial role in the conformational structure of Stx1 itself, being ‘opened’ or



‘closed’ (Fig. 1.5), but also for the binding and complex formation to other proteins like Munc13-1.
The mutation of two distinct amino acid within the linker region, the LE/AA mutation (L164A E165A
for Stx1B and L165A E166A for Stx1A) forces Stx1 into its open conformation, while two other
conserved residues, R150, 1154 (Stx1B) / R151, 1155 (Stx1A) seem to be key sites for the
interaction with the MUN domain of Munc13-1. [68, 70]

The N-terminus of Stx1 is characterized by the N-terminal peptide region, a short structured
amino acid stretch also known as N-peptide, which precedes the Ha,c domain (Fig. 1.4). The
N-peptide serves, additionally to the Ha,c domain as binding site for Munc18-1 and by that
contributes to the regulation of Stx1’s conformation, as the binding to Munc18-1 favors the ‘closed’
conformation [71, 72]. Dysregulations or loss of the N-peptide have been implicated in
morphological aberration of the RRP in the synapse and various neurological disorders [73, 74].
Additionally, there is an ongoing debate to which degree the N-peptide is important for synaptic
transmission, however, data indicate that it is pivotal in regulating factors such as the
Ca?*-sensitivity and short-term plasticity of vesicular release [67, 74].

With all its regulating domains and modulating binding partners, Stx1 can really be seen as a central
hub within the SNARE complex formation machinery and as a versatile player within the SNARE

protein family.

1.5. Molecular mechanisms and functions of Synaptosome-associated
protein 25 kDa

The other t-SNARE protein for synaptic SNARE complex formation is SNAP-25. Similar to Stx1,
there are two isoforms of SNAP-25, labeled SNAP-25a and SNAP-25b in human, which arise from
the alternative splicing of exon 5 of the SNAP-25 gene. These isoforms exhibit distinct expression
patterns throughout development. Specifically, SNAP-25a is prevalent during the embryonic stage,
whereas SNAP-25b emerges as the dominant isoform in postnatal life [75, 76]. Unlike Stx1, SNAP-
25 does not contain a TMR but is anchored to the cytosolic side of the synaptic membrane through
palmitoyl side chains that are covalently attached to cysteine residues located in the central linker
region of the molecule. The linker region is situated between two SNARE motifs, which are both
contributed to the SNARE complex by providing one glutamine on each helix for the zero layer —
Q53 on the first helix and Q226 on the second (Fig. 1.6) [33, 77].

Earlier studies have shown that in absence of SNAP-25, vesicle docking at the presynaptic active
zones remains intact. However, the pool of vesicles prepared for release is depleted, and the rapid
calcium-triggered exocytosis is no longer functional [78]. Additionally, through calcium-dependent
interaction with Synaptotagmin, SNAP-25 is important in both vesicle docking and priming as well
as in initiating rapid exocytosis [30]. Its role has been affirmed as the proteolytic cleavage of SNAP-
25 by botulinum toxins, a neurotoxin produced by the bacterium Clostridium botulinum, impeding
exocytosis and preventing neurotransmitter release, which can lead to the characteristic

neuroparalysis seen in cases of botulism [79, 80]. The commercially used form of this neurotoxin
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is named Botox, which is applied for muscle disorder treatments and cosmetic purposes using

adjusted doses.
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Figure 1.6: AlphaFold structure of SNAP-25 (AF-P60880-F1, [53]) with domain organization diagram. SNAP-25
comprises two a-helical SNARE motifs (H1 and H2), connected by a linker region. Both SNARE motifs are
contributing to the formation of one SNARE complex. SNAP-25 is anchored through palmitoylation modifications
into the presynaptic membrane through palmitoylation site within the early linker region.

It has been found that both t-SNARE proteins, Stx1 and SNAP-25 can form a t-SNARE complex in
a 1:1 or 2:1 ratio [81]. The 2:1 ratio complex, however, is branded as a ‘dead-end’ complex as a
direct incorporation of the v-SNARE Syb2 is not feasible [82]. This ineligible complex is especially
favored when adverse membrane conditions prevail and therefor has to be regulated. Experiments
using electron paramagnetic resonance (EPR) spectroscopy have shown that Munc18-1 can
separate the 2:1 complex resulting in a 1:1:1 complex (Stx1:SNAP-25:Mun18-1), where the
equilibrium of the ‘open’-‘closed’ conformation of Stx1 is shifted towards the open conformation [81].
Yet the ‘dead-end’ complex might have its use, as interferometric fluorescence measurements in
lipid bilayers have shown that the SNARE motif of unbound Stx1 interacts with lipid bilayers. The
interaction with SNAP-25 lifts the SNARE motif off the membrane making Stx1 accessible for
interaction partners and might be critical for SNARE complex formation and membrane fusion
further down the road [43].

There is an ongoing debate on how much SNAP-25 is directly involved in the interactions with the
regulatory protein Munc13-1 for SNARE complex formation. While it can be said with reasonable
certainty that SNAP-25 interacts with Munc18-1 only indirectly through Stx1, studies showed
opposite conclusions regarding the interaction with Munc13-1. Investigations via microscale
thermophoresis (MST) analysis and fluorescence resonance energy transfer (FRET) using different
function impairment mutation on both sides showed that Munc13-1 recruits SNAP-25 by direct
binding through specific binding sites between the MUN domain of Munc13-1 and the linker region

of SNAP-25 [83]. Contradictory to that, studies with nuclear magnetic resonance (NMR)
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spectroscopy using ®N-labeled SNAP-25 showed no clear sign of binding under the addition on
Munc13-MUN [84].

In addition to its established function in exocytosis, SNAP-25 also influences a range of
voltage-gated calcium channels through interactions with different channel types [85]. Studies have
demonstrated that SNAP-25 exerts a negative regulatory effect on neuronal calcium
responsiveness to depolarization by inhibiting voltage-gated calcium channels. Consequently, the
silencing of native SNAP-25 in glutamatergic neurons leads to heightened activity in these channels
[86-88].

SNAP-25 is also involved in the slower, clathrin-dependent endocytosis process at synapses,
potentially playing a role in the coupling of exocytosis and endocytosis [89]. Since SNARE proteins
are responsible for mediating exocytosis at all nerve terminals, their dual function in both exo- and
endocytosis is likely a widespread principle, However, the precise mechanisms by which SNARE
proteins participate in endocytosis are still not fully understood [85]. While Stx1 i.e. binds to
Dynamin, SNAP-25 has been found to interact with the endocytic protein Intersectin [90, 91].

With its many interactions, SNAP-25 represents a multifunctional protein important for a smooth
activity at the synaptical site. This is further supported by the clinical significance of reduced levels
of functional protein. SNAP-25 has been found to share biological pathways among different
neurological, neurodevelopmental and mental disorders [85]. Many studies have demonstrated the
existence of multiple polymorphisms within the SNAP-25 gene and low expression levels which

have been linked among others to ADHD, schizophrenia, and early-onset bipolar disorders [92-94].

1.6. Synaptobrevin-2: essential v-SNARE in synaptic transmission

Opposing the two t-SNARE proteins SNAP-25 and Stx1 is the v-SNARE protein Synaptobrevin-2
(Syb2), also known as Vesicle-Associated Membrane Protein 2 (VAMP-2). It is part of the VAMP
family including the other homolog isoforms VAMP-1, VAMP-3, VAMP-4, VAMP-7 and VAMP-8. In
human, these six VAMPs are found in various post-Golgi vesicular compartments and facilitate
vesicle fusion with the plasma membrane, the trans-Golgi network and endosomes [95-100]. l.e.,
Vamp-7 is crucial for mediating membrane fusion events involved in late endosome-lysosome
fusion and autophagosome-lysosome fusion and is important for docking of vesicular Linker of
activated T-cells (LAT) during T-cell reporter (TCR) signaling, while VAMP-1 is essential for
sustaining nerve impulse transmission at neuromuscular synapses [46, 101-104].

Syb2 resides on the SV membrane and is composed of a soluble extravesicular region and a
C-terminal TMR which anchors it into the vesicle membrane (Fig. 1.7). There, it constitutes the
predominant protein component, with as many as 70 copies per vesicle. Other highly abundant
vesicle constituents include Synaptophysin (~31 copies), Synaptotagmin-1 (~15 copies), and
Synapsin-1 (~7 copies) [105, 106].

The soluble region is intrinsically disordered and consists of an N-terminal proline-rich domain, the
SNARE motif and a JMD with an increasing structural rigidity from the N- to the C-terminus, which

aligns with an observed increased affinity for lipid binding, along with a documented accelerated
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rate of C-terminal SNARE zippering compared to the N-terminal counterpart (Fig. 1.7 B)) [107].
Studies have indicated that the soluble part of Syb2 remains almost completely disordered both in
solution and when associated with lipid nanodiscs [108, 109]. However, a high resolution NMR
analysis of the full-length Syb2 in dodecylphosphocholine micelles revealed that besides the TMR
certain segments of the SNARE motif and the JMD also adopt a helical structure while associated
to the membrane (Fig. 1.7 A)) [110]. This helix-interfacial association diminishes when Syb2 is
transitioned from micelle to bicelle and to bilayer environments eventually, suggesting that the

inclination towards interfacial binding is influenced by membrane curvature [111].
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Figure 1.7: Synaptobrevin-2 (Syb2) is characterized by a 94 residue-long cytosolic part which includes a highly
conserved SNARE motif and a dynamic JMD. The TMR anchors Syb2 into the presynaptic membrane. Generally,
the N-terminal part is intrinsically disordered but can adapt a helical conformation when associated to other
interaction partners. A) NMR structure of Syb2 on DPC micelles (PDB: 2KOG, state 1/20). A part of the N-terminal
region associates with the membrane surface indicated by a grey dashed line. B) AlphaFold 2 structure of Syb2
showing a majorly disordered N-terminal part and a helical C-terminal region (PDB: AF-F8WCAOQ-F1). C) Domain
organization diagram of Syb2.

Interestingly, similar to the JMD and TMR of Stx1, the transient interaction of Syb2 with the
membrane might counteract the repulsive forces between the two membranes and the SNARE
motifs. This assistance in disrupting the hydrophilic-hydrophobic boundary within the bilayer in turn
aids the membrane fusion between the vesicle and presynaptic membrane driven by the formation
of the SNARE complex [112-114]. Furthermore, it has been shown in multiple studies, that the JMD
and TMR of Syb2 are crucial for the fusion process [112, 113, 115]. This provides a mechanistic
understanding of how interactions between an intrinsically disordered protein (IDP) and lipids can
lower the energy required for membrane fusion [107, 116].

Upon SNARE complex formation, the unstructured parts of the SNARE motifs form a continuous
a-helix, contributing the arginine (R) to the zero layer of the SNARE complex. It is discussed that
the shift from a disordered to an ordered state could potentially unleash free energy to facilitate the
transformation of the SNARE complex [116, 117]. Additionally, studies have shown that the

electrostatic interaction between Syb2 and Stx1 trigger membrane bending forces, leading to the
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convergence of SVs and presynaptic membranes, ultimately promoting membrane fusion and
exocytotic events [62, 117, 118]. Furthermore, cross-linking mass spectrometry (XL-MS)
experiments applied on purified and unstimulated SVs revealed a strikingly large interaction
network, showing that Syb2 was cross-linked with 32 out of 56 proteins assayed, supporting a key
role in SV fusion [106].

Besides from the interactions with proteins on SVs, Syb2 also engages interactions with the
proteins Munc13-1 and Munc18-1, important for the orchestration of SNARE complex formation. In
early studies, Vps45p, a homolog of Munc18-1, has been found to bind the v-SNARE Snc1p and
t-SNARE Stx1 equivalent in yeast, indicating that Munc18-1 and homologs interact not only with
t-SNARE proteins but also with v-SNAREsS, setting a precedent for a potential interaction between
Munc18-1 and Syb2 [119, 120]. This was further supported with the finding that Munc18-1 directly
binds Syb2, albeit sub-stoichiometric, suggesting an active recruitment and positioning of Syb2 by
Munc18-1 for subsequent SNARE complex formation [121]. A first concrete model for this
interaction has been found for Chaetomium thermophilum homologs. A seminal crystal structure of
the Munc18-1 homolog Vps33 with the v-SNARE homolog Nyv1 show a binding of the SNARE
motif of Nyv1 to a region of Vps33, proposing that the furled loop of Munc18-1 needs to be extended
for Syb2 binding [122, 123]. Based on this idea, it was reported that the helices 11 and 12 of the
mentioned furled loop of Munc18-1 in fact do bind Syb2’s central region which is crucial for SNARE
complex formation and synaptic transmission [124]. Taken the findings together, they imply that
Munc18-1 has the potential to act as a template, bringing Stx1 and Syb2 into close proximity and
forming a template complex to facilitate the accurate assembly of the SNARE complex [125, 126].
Recently indeed, two cryo-electron microscopy (EM) structures have been reported, showing cross-
linked Syb2 and Stx1 binding to Munc18-1. The linking was facilitated at the N-terminals of both
SNARE motifs respectively, allowing a glimpse on the nucleation of the SNARE complex through
the SNARE motifs and the linker region of Stx1, facilitated on Munc18-1, which provides the
platform for proper alignment [69].

Munc13-1 on the other side has been demonstrated to enhance the stability of template complex
by engaging with the C-terminal membrane-proximal linker region of Syb2 [123, 127]. Moreover, it
was noted that Munc13-1 orchestrates the recruitment of synaptic vesicles containing Syb2 to the
target plasma membrane, bringing the SNARE motifs of Syb2 into closer proximity with the
Stx1:Mun18-1 complex [115, 123]. This suggests that the interaction between Syb2 and Munc13-1
is synchronized with that of Munc18-1 and Stx1, enabling the formation of the complete SNARE
complex [128-130].

1.7. Mammalian uncoordinated 18-1: templating the SNARE complex for synaptic

vesicle fusion

The rapid and robust SNARE complex formation, which is important for fast and reliable
neurotransmission, goes hand in hand with a strong binding of the SNARE motifs of the individual

SNARE proteins to each other. This high affinity towards each other, however, could lead to random

14



synaptic vesicle fusion and uncontrolled release of neurotransmitters, making a regulation of the
SNARE complex formation inevitable. This also ensures the maintenance of neurotransmitter and
SV stores, which would deplete by uncontrolled fusion events leading to an impairment of effective
communication between neurons. Furthermore, in a cellular environment where NSF and SNAPs
favor complex disassembly, additional factors are required to overcome this disassembly activity
and facilitate proper SNARE assembly [131]. Additionally, neuronal circuits rely on precise timing
and synchronization of action potential. Orchestration of SNARE complex formation ensures that
neurotransmitter release is tightly coupled with the action potential arrival, enabling synchronized
activity [132].
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Figure 1.8: AlphaFold 2 structure of Munc18-1 (AF-P61764-F1, [53]) with domain organization diagram. Munc18-
1, a multidomain protein, comprises three domains, with domain 3 further divided into 3a and 3b. It showcases an
arch-shaped configuration where domains 1 and 3 serve as the legs that accommodate the binding of Stx1 in
between. Within domain 3a, situated between helix 11 and helix 12, lies the furled loop, which unfurls to elongate
both helices, rendering the formation of the SNARE complex (insets show the furled and unfurled conformation of
the loop. Unfurled loop conformation derived from Stepien et al. (2022) (7UDB) [69]).

One of these orchestrating proteins is Mammalian uncoordinated 18-1 (Munc18-1), also known as
Syntaxin-binding protein 1 (Stxbp1), which plays a pivotal role in the process of neurotransmission.
Munc18-1 is part of the Sec1/Munc18 (SM) proteins, a conserved protein family crucial for
membrane trafficking events and indispensable for the regulation of membrane fusion [133]. Within

the human genome, there are seven homologues SM proteins. Among these, Munc18-1, Munc18-
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2 and Munc18-3 play roles in secretion. While Munc18-2 is primarily found in platelets and is
involved in platelet exocytosis, Munc18-3 is ubiquitously expressed but found mainly in the
pancreas and is involved in the regulated secretion of insulin from pancreatic beta cells [134, 135].
Munc18-1 exhibits high expression levels in neurons and neuroendocrine cells [136]. It is a
multidomain protein, containing domains 1-3 with domain 3 being further divided into the sub-
domains 3a and 3b. The tertiary structure exhibits an arched structure where domains 1 and 3a
render the characteristic central cavity (Fig. 1.8) [40, 137]. The structural most interesting region is
the furled loop at helix 11 and 12 in domain 3a, which, when extended, works as a template for the
precise pairing of cognate SNARE proteins and is important for SNARE complex formation and

vesicle priming (Fig. 1.8 inset) [126, 138].

Figure 1.9: Crystal structure of the Stx1:Munc18-1 complex shows Munc18-1 (black) binding Stx1 in its closed
conformation, with the Hanc domain (blue) is bound onto the SNARE motif (light-purple) of Stx1 (PDB: 3C98). The
loop within Munc18-1’s domain 3a (brown) is furled.

Much has been already said about the interactions of Munc18-1 with the SNARE proteins in the
previous chapters. Munc18-1’s closest binding partner is Stx1, which is bound in its ‘closed’
conformation in the central cavity formed by domain 1 and 3a. There, Stx1’s Hanc domain folds back
onto the SNARE motif to adopt the closed conformation through intramolecular interactions and
Munc18-1 locks it into this conformation (Fig. 1.9 A)). This precludes the clamped Stx1 from
SNARE complex assembly. Remarkably, this inhibitory binding mode enables Munc18-1 to
precisely chaperone Stx1 to the presynaptic membrane, facilitating the accumulation of vesicles
around the plasma membrane [139]. Alongside its central cavity, domain 1 also harbors an
additional site dedicated to binding the N-peptide of Stx1 [140].

To release Stx1 from Munc18-1's tight clamp and making it accessible for SNARE complex

formation, a conformational change is required. This happens at the furled loop of domain 3a. There,
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the furled linker between the helices 11 and 12 unfurls, allowing for a subsequential realignment of
the SNARE motif of Stx1 along the outside of the extended helix 12 of Munc18-1 [69]. This concept
was originally established through the pivotal crystal structure of the yeast vacuolar SM homolog
Vps33 in association with the SNARE motif of the Stx1 homolog Vam3, where the SNARE motif
was found binding next to an extended helix region and has recently been confirmed [69, 122].

A second structure of the same study (and mentioned in the previous Chapter 1.6) showed the
binding of Syb2 homolog Nyv1 into the helical hairpin region of Vps33, a conserved region similar
to the unfurled loop of Munc18-1 and right next to the SNARE motif binding region. This indicated
that Syb2 can bind into the binding groove between helix 11 and 12, formed by the extension of the
furled loop region. Furthermore, this and others studies suggested that Vps33 and probably other
SM proteins like Munc18-1 bind two SNAREs simultaneously close to each other and by that act
as template to render the initiation of SNARE complex formation and generate partially zippered
SNARE assembly intermediates [122-124, 127, 141]. This idea was confirmed by two cryo-EM
structures, showing Munc18-1 bound to covalently cross-linked Stx1 and Syb2 as the direct binding
of Syb2 to Munc18-1 is aggravated by low affinity [69, 142].

The exact mechanism of the unfurling of the loop in domain 3a remained elusive and the sequence
of conformational changes were unclear. Is it the linker region of Stx1 that undergoes a
rearrangement allowing for an opening of the furled loop, or is it the opening of the furled loop,
which induces a structural rearrangement of the linker region and a subsequent alignment of the
SNARE motif to the extended helix 12 [84, 143, 144]? Recent studies indicate that the opening of
the linker region of Stx1 allows for the opening of the furled loop [69, 84]. Either way, it is a fact that
this conformational restructuring does not happen by itself, but is catalyzed by another
orchestrating protein, Munc13-1. However, the binding of Munc13-1 to the template complex is
extremely transient, making it very difficult to study the exact binding mechanisms and sites. [84,
129]. Studies have shown that the MUN domain of Munc13-1 does weakly interact with the linker
region of Stx1 but a direct, yet transient interaction between Munc18-1 and Munc13-1 has also
been reported [84, 141, 145]. Perhaps these interactions might trigger the unfurling of the loop to
facilitate the alignments of the SNARE maotifs.

Multiple loss-of-function mutations within the furled loop region were identified including i.e., Q301A,
K332E/K333E and L348R as well as gain-of-function mutations like P335A and D326K, which allow
for SNARE complex formation even in the absence of Munc13-1 [141].

Generally, the regulatory mechanism of Munc18-1 is intricate, encompassing both the facilitation
and inhibition of SNARE assembly. Nonetheless, the promotion process takes precedence over the
two [146].

With its templating role, Munc18-1 plays an important role in modulating synaptic plasticity,
neurodevelopment and the function of neuroendocrine cells. Additionally, it has the capacity to
regulate brain-derived neurotrophic factors, influence synaptic development and impact cognitive
functions. Studies with genetic knockout of Munc18-1 in mice have shown an impaired synaptic

plasticity, associated with diminished neurotransmitter release and reduced size of vesicle pool,
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resulting in impaired learning and memory [71, 147]. Hence, irregular Munc18-1 expression plays
a role in the development of several neurological disorders and is closely linked to conditions like
epileptic encephalopathy, autism, schizophrenia, Parkinson disease, Alzheimer disease and
multiple sclerosis [148, 149]. This makes Munc18-1 an interesting target for therapeutic
interventions in neurological disorders. Research in this area aims to develop drugs that modulate

Munc18-1 function to restore normal synaptic transmission [150].

1.7. Mammalian uncoordinated 13-1: catalyzing synaptic vesicle Fusion

The other orchestrating protein of the SNARE complex formation machinery is Mammalian
uncoordinated-13 (Munc13-1). Like Munc18-1, Munc13-1(” has a central role in the process of
synaptic vesicle fusion at the presynaptic active zone, but does not (or at least not fully) act in a
templating way, but rather as an exchange factor that assists in the reshuffeling of helices towards
the formation of the SNARE complex helical bundle.

Munc13-1, also known as Unc-13 homolog A (Unc13A), is the most abundant isoform in the
mammalian brain, mainly found in the presynaptic terminal [151, 152]. It is part of the complexes
associated with tethering containing helical rods (CATCHR) family, a group of proteins involved in
membrane trafficking within cells and which play a crucial role in the tethering step, a process that
ensures accurate and specific targeting of vesicles to their correct destination membrane [153, 154].
Munc13-1 can fulfill this task due to its architecture. It is a large multidomain protein, including a
variable N-terminal region and a conserved C-terminal region throughout all Munc13 isoforms [155].
The N-terminal section encompasses a C2A domain that forms both homodimers and heterodimers
with aRIMs, connecting RIM-dependent forms of plasticity with the priming machinery [21, 156-
159]. It also features a calmodulin-binding region (CaMb) that plays a role in Ca?*-dependent short-
term plasticity (Fig. 1.10) [16, 160].

The conserved C-terminal region of Munc13-1 comprises several crucial domains. This includes
the C1 domain, which mediates diacylglycerol (DAG)/phorbol ester-dependent potentiation of
release [161]. The subsequent C2B domain binds both Ca?* and PIP, and plays a role in
Ca?*-dependent short-term plasticity [162]. Additionally the MUN domain, an elongated,
arch-shaped architecture formed by a-helical bundles, facilitates the opening of Stx1 [84, 145]. And
finally, the C.C domain binds weakly to membranes in a Ca?*-independent manner [163]. In the
crystal structure of a Munc13-1 fragment comprising the C4, C2B, and MUN domain, it was
observed that the Cq1 and C2B domains are situated at the N-terminal end of the extensively
elongated MUN domain (Fig. 1.10).

Notably, their DAG- and Ca?*/PIP,-binding sites are oriented in the same direction [164]. It is

anticipated that the C>C domain protrudes from the opposite end of the MUN domain.

(1) Did you know that the ‘Munc’ prefix of Munc18-1 and Munc13-1 stands for ‘mammalian uncoordinated’?
These names were chosen based on the fact that the genes encoding these proteins were identified as
mammalian homologs of proteins first discovered in C. elegans, known as Uncoordinated-13 (Unc-13) and
Uncordnated-18 (Unc18). In C. elegans, Unc-13 and Unc-18 play crucial roles in synaptic vesicle exocytosis,
and mutations in their encoding genes lead to uncoordinated movements and locomotion defects, hence
the name ‘uncoordinated’ [16, 151].

18



This structural arrangement facilitates Munc13-1's ability to bridge membranes, giving rise to a
proposed model where the C2C domain attaches to the vesicle membrane, while the C1-C2B
region binds to the plasma membrane [163, 165].

Mutations within the membrane-binding residues of the C>.C domain reduced the ability for liposome
clustering in vitro and showed impaired vesicle docking and release of neurotransmitters in neurons,
which supported the idea of this membrane bridging model [163]. While the peripheral C1, C2B and
C>C domains promote the tethering of the vesicle membrane to the presynaptic membrane, the
MUN domain plays a crucial role in facilitating the transition from the closed conformation of the
Stx1:Munc18-1 complex to an open, fusion competent state [84, 129, 141, 145]. However, the exact
mechanism through which Munc13-MUN facilitates the activation of Stx1 has been a subject of
debate, partly due to the varied nature of interactions observed between Munc13-1 and Stx1 and
due to its apparent transient interaction with components of the SNARE complex and with
Munc18-1.

Munc13-1
(1735 aa, 193.1 kDa)
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Figure 1.10: AlphaFold 2 structure of Munc13-1 (AF-Q9UPWS8-F1, [563]) with domain organization diagram.
Munc13-1 is a large multidomain protein consisting of six distinct domains, with the MUN domain being the largest
one. This allows Munc13-1 to be a platform for multiple interaction sites and partners to prime (C2A) and to tether
synaptic vesicles to the presynaptic membrane (C1, C2B and C2C) and to catalyze the SNARE complex formation
(MUN).

Early studies with yeast-two-hybrid assays discovered that a segment encompassing a portion of
the Hape domain of Stx1 binds to a C-terminal fragment containing the Munc13-1 C2C domain. Yet,
pulldown assays suggested involvement of the MUN domain [166]. Further examinations using
NMR spectroscopy demonstrated that the MUN domain accelerates the transition from the
Stx1:Munc18-1 complex to the SNARE complex. Additionally, it was found that the MUN domain
exhibits a relatively weak binding affinity to Stx1’s N-terminal portion of the SNARE motif. The
N-terminal region, encompassing the Ha,c domain, and the Munc13-1 C>C domain did not seem to

play a substantial role in this binding interaction [145, 163]. These findings proposed a model in
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which the MUN domain acts to disengage the SNARE motif from the tight clamping Munc18-1,
thereby initiating the opening of syntaxin-1 and promoting the assembly of the SNARE complex.
Conversely, an alternative study put forth the idea that the MUN domain's role in stimulating SNARE
complex formation hinges on interactions with the linker region connecting the Hanc domain and the
SNARE motif of Stx1, rather than with the SNARE motif itself. This model suggests that the MUN
domain, albeit through very transient and hardly detectable binding, destabilizes the closed
conformation and provides a scaffold for SNARE complex assembly [84]. The validity of this model
was reinforced by the discovery that mutations within the linker region (R150A, 1154A (Stx1B) /
R151A, I1155A (Stx1A)) hinder MUN domain-facilitated SNARE complex formation. This impairment
was further evident in liposome fusion during reconstitution assays and in neurotransmitter release
within neurons [70].

With perspective from the other side, a crystal structure and sequence alignment revealed a highly
conserved hydrophobic pocket in the middle of the MUN domain which seems to be crucial for the
interaction with the linker region of Stx1 [167]. There, two residues, N1128 and Phe1131 (referred
to as NF), have been identified to play a vital role in facilitating the transition from the Stx1:Munc18-
1 complex to the SNARE complex and an introduction of a double mutation to alanine (NFAA)
completely abolished the functionality of the MUN domain [70, 129, 167].

These observations suggest that a series of conformational changes, involving the release of
existing interactions and the establishment of new ones, is necessary for the shift from the
Stx1:Munc18-1 complex to the SNARE complex. Additionally, there exist a subtle equilibrium
between interactions that impede or facilitate this transition. Consequently, it might explain that
even extremely transient interactions, which may be challenging or even impossible to discern
through conventional biochemical techniques, can exert a crucial influence in tipping this
equilibrium [84].

Besides this interaction with the Stx1:Munc18-1 complex, the MUN domain has been found to
interact with Syb2 and by that, renders the Syb2 SNARE motif more accessible to the Stx1:Munc18-
1 complex. Early studies have suggested a possible interaction of the C-terminus of Syb2 with the
MUN domain, which was later confirmed by a crystal structure showing the MUN domain binding a
short synthesized Syb2 peptide of its C-terminal JMD [123, 127, 168]. There, the residues W89
and W90 were found to bind into a small hydrophobic pocket at the C-terminal region of the MUN
domain. Additionally, it is indicated that the residues R86 and K87 of Syb2 likely bind to a negatively
charged patch further up the sequence of the MUN domain. In contrast to the a-helical structure of
the Syb2 JMD when it is bound within the cis-SNARE complex, the JMD adopts a folded, albeit
non-a-helical conformation when it is bound to the MUN domain. Pull-down experiments have
revealed that the preassembled SNARE complex exhibited a diminished interaction with the MUN
domain compared to isolated Syb2. This suggests that, upon the final zippering of the SNARE
complex into the membranes, the MUN domain might detach from the JMD of Syb2 [123].
Mutations within the MUN domain disrupting the binding to the C-terminal region of Syb2 have

been found to strongly impair both the mini-inhibitory postsynaptic currents (mIPSCs) frequency
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and the action potential-evoked IPSCs in cultured mouse cortex neurons. Furthermore, the size of
the RRP has been found to be majorly reduced, leading to the assumption that the interaction
between Syb2 and the MUN domain of Munc13-1 is essential for docking and priming of synaptic
vesicles [123]. Moreover, general dysfunctions of Munc13-1 can lead to neurodevelopmental
disorders characterized by cognitive and behavioral impairments like Autism or Schizophrenia but
also to more severe physiological malformations like microcephaly, cortical hyperexcitability leading
to amyotrophic lateral sclerosis (ALS) and fatal myasthenia [169, 170]. These discoveries indicate
that the energy barriers introduced by the Munc18-1 furled loop and the closed conformation of

Stx1 play a crucial role in making neurotransmitter release reliant on Munc13-1 [84].

1.8. Integrating the mechanisms of SNARE-mediated vesicle fusion

Based on the gathered information from the various studies on the key components introduced
thus far, it is valuable to present a theoretical model of the step-by-step process underlying the
mechanism of vesicle fusion.

Initially, SVs are guided and docked to the target membrane’s CAZ by Rab3 which interacts with
its interaction partner, the Rab-effector RIM at the presynaptic site [21]. This docking process is
additionally aided by Munc13-1, which tethers the SV membrane to the target membrane through
its bordering C+1, C2B and C,C domains (Fig. 1.2 A)) [163].

At the presynaptic membrane, Munc18-1 forms a tight complex with the t-SNARE Stx1 (and
possibly with SNAP-25), binding Stx1 in its closed conformation, with the Hanc domain coordinated
onto the SNARE domain, inhibited for unwanted SNARE complex formation (Fig. 1.11 A)) [145].
The MUN domain of Munc13-1 binds the v-SNARE Syb2 via a small hydrophobic pocket and
negatively charged patch at the C-terminal end and renders the coordination to the initiation site
for the SNARE complex formation [123, 127]. Additionally, the MUN domain catalyzes the opening
of the furled loop of Munc18-1. This may occur through a transient interaction between the highly
conserved hydrophobic pocket situated at the center of the MUN domain and the linker region of
Stx1 (Fig. 1.11 B)) [167].

A potential structural rearrangement of the linker region permits the extension of the loop, creating
a binding site for the SNARE domain of Syb2 between helices 11 and 12 of Munc18-1’s domain 3a.
Furthermore, these conformational changes enable the SNARE domain of Stx1 to escape inhibition
by the Hanc domain and coordinate alongside the extended loop [69]. This resultant complex of Stx1,
Munc18-1, and Syb2 acts as a template for SNARE complex formation, initiating the nucleation of
a four-helix bundle that leads to the establishment of the trans SNARE complex upon incorporation
of SNAP-25 (Fig. 1.11 B), C)) [69, 129]. As the SNARE complex partially zippers, the SV becomes
primed to the presynaptic membrane with Complexin maintaining this state by impeding full
zippering (Fig. 1.2 B)) [143]. The ensuing influx and increased concentration of Ca%* prompts the
release of Complexin through the displacement by Synaptotagmin-1 at the SNARE complex,
enabling complete zippering (Fig. 1.2 C)) [143]. This draws the opposing membranes together until

a fusion pore forms, expanding until complete fusion of the vesicle membrane and plasma
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membrane is achieved, ultimately leaving behind a cis-SNARE complex and releasing
neurotransmitters into the synaptic cleft (Fig. 1.11 D)) [30]. These neurotransmitters traverse

through the synaptic cleft and bind to receptors on the postsynaptic side, culminating in

neurotransmission (Fig. 1.1 C)).
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Figure 1.11: Working model of the orchestrated SNARE complex formation by Munc18-1 and Munc13-1 (figure
adapted from Wang et al. (2019) [123]). A) SV is tethered to the presynaptic membrane through the C1, C2B and
C2C domains of Munc13-1. Furthermore, Munc13-1 binds and coordinates Syb2. Munc18-1 clamps Stx1 in its
autoinhibited conformation. B) The MUN domain of Munc13-1 catalyzes the opening of this closed conformation by
a possibly transient interaction with the linker of Stx1. Additionally, helix 11 and 12 in domain 3a of Munc18-1 get
extended by the unfurling of the furled loop (schematically indicated in brown) and Syb2 gets rendered into the
newly formed binding groove forming a template complex of Munc18-1, Stx1 and Syb2. C) Formation of a half-
zippered SNARE complex with the entry of SNAP-25 and release of Munc18-1 clamping. D) Full-zippering of the
SNARE complex leads to fusion of SV membrane and presynaptic membrane.

1.9. SNAREopathies: disorders of the synaptic vesicle fusion machinery

Accurate neurotransmission is highly dependent on the proper function of the vesicle fusion
machinery with its core components including the t-SNARE proteins Stx1 and SNAP-25, the
v-SNARE protein Syb2 as well as the orchestrating proteins Munc18-1 and Munc13-1. Given its
various interactions with each other, conformational changes and mechanisms, this intricate and
crucial apparatus plays an essential role in ensuring the correct function of neurons at the synaptic
site. It is therefore not surprising that disruptions within the vesicle fusion machinery can lead to a
range of neurological and neurodevelopmental disorders (Fig. 1.12) [71, 148, 149, 169, 170].
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Being that indispensabile, it is striking that there is no contingency plan in place for these fusion
reactions. Due to this absence of backup, mutations in the human genes responsible for these
proteins are anticipated to have significant clinical implications on brain function. The majority of
documented mutations consist of heterozygous de-novo missense or loss-of-function mutations
[171]. Interestingly, while it could be anticipated that mutations in any part of this interconnected
system would result in comparable symptoms, recent studies indicate that alterations of the
proteins can manifest in a remarkably wide range of symptoms (Fig. 1.12). Foremost among these
are neurodevelopmental delays in speech, language, motor function, and intellectual capacity.
Additionally, individuals with severe developmental delays may exhibit neurological characteristics,
including seizures, epileptiform abnormalities, and motor difficulties like spasms and ataxia [171].
Thus, while these proteins collaborate within a tightly integrated molecular system, mutations in
individual components result in a surprisingly wide range of symptoms and diagnoses. Much like
channelopathies refer to a group of disorders characterized by abnormal functioning of voltage
gated ion channels, regulating the flow of K*, Na*, Ca?* ions in and out of the cell, leading to various
symptoms, Verhage et al. (2020) proposed to unify disorders emerging from mutations in the
functionally related SNARE machinery in the term of SNAREopathy [171, 172]. It can be seen as
a subgroup of the previous defined synaptopathy, which, in contrast, comprises a much more
diverse group of encoded proteins localized at different neuronal cell compartments and various
molecular functions, while SNAREpathies narrows the scope down to the diseases caused by
mutations affecting the SNARE machinery [171, 173].

Remarkably, in the clinical cases of SNAREopathies, the stxbp?1 gene, encoding for Munc18-1,
emerges as the most frequent reported one by far (Fig. 1.12). This suggests that the stxbp7 gene
is particularly susceptible to mutations, with many resulting in functional abnormalities of the protein.
Roughly 60% of the documented mutations to date involve truncations or partial or complete gene
deletions, which are anticipated to halve protein levels [169]. This strongly indicates that inadequate
expression is a central factor in this disorder. Missense mutation, dispersed across the gene without
a clear pattern may compromise protein stability, resulting in a reduction of protein levels
below hemizygosity [174]. Reports have shown that certain mutants, in addition to their reduced
stability, form protein aggregations that could also ensnare wild-type proteins, leading to their
degradation [175].

Mutations in the three SNAREs, Syb2, Stx1B, and SNAP-25, that lead to diseases frequently
manifest as point mutations concentrated in the SNARE domains or the crucial Hanc domain of
Stx1B. This pattern strongly suggests that the symptoms are likely attributable to a disruption in the
canonical SNARE function of these proteins [176-178]. Compared to Munc18-1, however, there are
significantly fewer reported cases for the SNARE proteins as well as for Munc13-1, with Stx1B
appearing to be the most likely one of the three SNAREsS to be affected (Fig. 1.12). Interestingly,
when comparing the paralogs Stx1A and Stx1B, almost no mutations are described in relation to
SNAREopathies for Stx1A, however, many more for Stx1B. Yet, these mutations translate into

comparably mild symptoms showing a redundancy depending on the presence of the other paralog
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[171]. The reason why Stx1B seemingly masks or compensates for the loss of Stx1A better than
vice versa remains somewhat unclear. Answers might be found in the subtle functional distinctions
and expression patterns between Stx1A and Stx1B, as well as their specific roles within synaptic

transmission, which could influence their capacity for mutual compensation [52, 179, 180].

Stx1B Seizures
SNAP-25 &= e EEG
\ abnormalities
Syb2 Speech
problems
Munc1
Intellectual
disabilities
Munc13-1

Movement
disorders

Autism / social

Cases described:

— severe, frequent
o O — Moderate
— mild, infrequent

<10 <100

Figure 1.12: Incidence of symptoms associated with mutations in SNARE complex formation proteins linked to
SNAREopathies. The width of the lines signifies the frequency of documented symptoms, while the dimensions of
the circles denote the total reported cases per gene (June, 2020, figure adapted from Verhage et al. (2020) [171]).

Many SNAREopathic mutations found within Stx1B are linked to various types of epilepsy, one of
the most common neurological symptoms with a prevalence of > 0.5% [171, 181-183]. Epilepsy
comprises a diverse range of syndromes with numerous underlying causes, defined by recurrent,
unprovoked seizures and altered neuronal excitability. Epileptic seizures result from abnormal and
excessively hypersynchronous neuronal activity. They typically endure for seconds or minutes and
can be categorized as generalized, focal, or epileptic spasms. Clinically, they are characterized by
a sudden, brief period of altered or lost consciousness, along with involuntary movements or
convulsions [184]. The pathophysiology of epilepsy is multifaceted, with genetic factors often
playing a significant role, while it can also emerge in an otherwise unaffected and healthy brain
following events such as stroke, injury, trauma, or infection. Additionally, processes related to
neuronal plasticity, development, and degenerative disorders may contribute significantly to the

development of epilepsy [185, 186].
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Approximately 60% of cases have an unidentified origin. The highest incidence of epilepsy occurs
in young children and the elderly. Developmental and epileptic encephalopathies (DEE), resulting
from genetic defects, are more prevalent in younger individuals [187]. In most instances, these are
thought to arise from the interplay of various genetic and environmental factors. A smaller
proportion of cases can be attributed to monogenic defects, involving over 140 genes identified to
date [188].

A commonly accepted theoretical framework for understanding seizures proposes a disruption in
the delicate balance between brain excitation and inhibition [186, 189]. It is theorized that the
seizure events may induce self-reinforcement, generating activity levels capable of either
suppressing or promoting inhibition or excitation, thereby offering the essential positive feedback
to perpetuate the seizure. The primary mechanism believed to trigger seizures is activity-dependent
disinhibition, which arises from the dysregulation of ionic concentrations within intra- and
extracellular spaces. Disruption in ionic balance can be influenced by mutations in transmembrane
channels and transporters (channelopathies) [185]. A second mechanism is the already mentioned
altered neuronal plasticity, which, among others, falls back onto SNAREopathies. Disruptions within
the synaptic vesicle fusion and neurotransmitter release machinery lead to a dysfunctional
neurotransmission, affecting the excitation or inhibition of the postsynaptical neurons and can result
in epileptic triggers [186].

Prolonged imbalances in excitation and inhibition can lead to a process called epileptogenesis,
where the brain undergoes long-lasting changes that increase its susceptibility to future seizures.
This can involve alterations in the structure and function of neurons, as well as changes in synaptic
connectivity. Understanding the intricacies of the excitation-inhibition balance in epilepsy is a focal
point of ongoing research. Advances in this field may lead to the development of more targeted and

effective treatments for epilepsy [190].

1.9.1. Stx1B mutations translate into SNAREopathic neurological disorders

In the intricate orchestration of events governing neurotransmission, Stx1 emerges as a key
conductor at the presynaptic membrane. Its interaction with other SNARE proteins, Syb2 and
SNAP-25, forms the core of the SNARE complex, crucial for membrane fusion during exocytosis.
The significance of Stx1 in synaptic vesicle fusion is manifold; not only does it serve as a binding
partner in SNARE complex formation, but it also undergoes dynamic conformational changes,
including those in the linker region and the Hapnc domain. This autoinhibitory domain acts as a
molecular switch, finely tuning the transition between closed and open conformations of Stx1.
Strictly regulated, this mechanism ensures the precise timing and execution of neurotransmitter
release. Furthermore, Stx1's association with the coordinating proteins Munc18-1 and Munc13-1
further underscores its intricate involvement in the finely tuned process of vesicle priming and fusion.
The importance of Stx1's function, particularly that of Stx1B, is evident in the considerable number
of reported clinical cases within the realm of SNAREopathies. Genetic mutations within Stx1B

exhibit significantly more reported cases compared to the other SNARE proteins Syb2 and
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SNAP-25, ranking second only to Munc18-1 in the synaptic vesicle fusion machinery (Fig. 1.12)
[171]. Additionally, numerous epileptogenic mutations have been identified in both the regulatory
Habe domain and the effector SNARE motif of Stx1B [181, 182]. Interestingly, these mutations lead
to epilepsy with a diverse range of phenotypes, prompting the question of whether they impact the
function of Stx1B in various ways. In an earlier study, we investigated three paradigmatic Stx1B
mutations, an insertion/deletion (InDel) mutation (K45/RMCIE, L46M) within the Hane domain, a
G226R mutation and a V216E mutation within the SNARE motif, which have been described to
exert distinct epileptic phenotypes [178, 181, 182]. While the Stx1B'"P¢! mutation, associated with
mild epilepsy, results in an unfolded protein unable to bind to Munc18-1 and incapable of sustaining
neurotransmission, the Stx1B®226R mutation, linked to epileptic encephalopathies, significantly
impairs interaction with Munc18-1, reduces the expression of both proteins, diminishes the size of
the readily releasable pool (RRP), and hampers Ca?*-triggered neurotransmitter release when
expressed in Stx1-null neurons [178]. In contrast, the Stx1BV2'6& mutation, also associated with
epileptic encephalopathies, has a less pronounced impact on interactions with Munc18-1 and
Munc13-1. Yet, it enhances fusiogenicity and increases vesicular release probability, even in

Stx1-null neurons [178].

A)

mutation site

Figure 1.13: A) Crystal Structure of the Stx1A:Munc18-1 complex from R. norvegicus (PDB: 4JEU). The highlighted
sections indicate the specific corresponding positions of the Stx1B mutations InDel, V216E and G226R. Note that
M217 and G227 in Stx1A correspond to V216 and G226, respectively, in Stx1B B) Detailed image of the location of
the Stx1B V216E mutation. The proximity of the charged residue to the hinge proline 335 might alter the structural
composition of the ‘furled loop’ of Munc18-1. C) Detailed image of the location of the Stx1B G226R mutation. The
large side chain of the introduced arginine residue is directed toward a positively charged pocket, encompassing
residues R275 and K276 in Munc18-1 (figure adapted from Vardar, Gerth, Schmitt, et al. (2020) [178]).

When examining the structure of the Stx1:Munc18-1 complex, it becomes evident that these
mutations exert a direct influence on the interaction with the close binding partner and regulatory
protein Munc18-1 (Fig. 1.11). With the exception of the Stx1B'"P¢' mutation, both Stx1B®??6R and
Stx1BV216E mutations are positioned directly at the interface of the interaction site between the two
proteins. Specifically, the introduction of the bulky and positively charged arginine side chain in the
Stx1B®226R mutant potentially impedes the interaction with Munc18-1 by charge repulsion through
a positively charged cavity within the Munc18-1-Stx1B interface (Fig. 1.13 C)). Furthermore, the
Stx1BV216E mutation, situated in close proximity to the hinge proline at position 335 of Munc18-1,

has the potential to alter the conformation of the furled loop (Fig. 1.13 B)). Concerning the Stx1B!"P!
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mutation, it is perceptible that the incorporation of new and additional residues can induce structural
alterations, consequently altering the conformation and stability of the protein itself, which in turn
affect interactions between the binding partners.

Recognizing this, we deemed it crucial to explore two additional mutations that, instead of directly
facing the interaction interface, deviate from it. While examining the reported mutations of Stx1B,
two mutations particularly caught our attention; the E210K and the L221P mutations [182]. Both
mutations are situated at the core of the functionally crucial SNARE motif but diverge away from
the interaction interface with Munc18-1 (Fig. 1.14 B)).

A)
Stx1BE210K, L221P

NJ
L221P
E210K
1 19 29 146 189 | 258 266 288
N-peptide H., .-domain Linker JMD

region

B)

Figue 1.14: A) AphaFold stuciure of S1B
(AF-PB1266-F1) with domain organization diagram
displaying the posttions of the mutations of E210K
(blue) and L221P (salmon) on the SNARE motif,

B) Crystal structure of Stx1A:Munc18-1 complex
(PDB: 3C98). The corresponding mutation sites
E210K and L221P for Six1B are depicted, which in
SXTA ae E211K and 1L222P. Both mutations

diverge away from the direct binding interface of St
and Munc18-1 and do not affect the fured loop of

QB - REE o ¥ Munc18-1 (orown).

Stx1BF?'K js associated with genetic generalized epilepsy (GGE), an umbrella term for various
epilepsy syndromes that commence during childhood or adolescence. Four of these syndromes
(childhood absence seizure/epilepsy (Abs), juvenile Abs, juvenile myoclonic epilepsy (Myo) and
epilepsy with generalized tonic—clonic seizures (GTCS)) commonly endure into adulthood,
collectively constituting 15-20% of all adult epilepsy cases. Functional imbalances in
frontothalamocortical brain networks give rise to seizures and cognitive impairment in GGE [182,
191]. Consistent with this, the patient reported by Wolking et al. (2019) with Stx1BE2'%K mutation
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presented impaired executive functions and revealed seizure types of GTCS, Myo and Abs [182].
Although the neurological examination did not identify any abnormalities, the
electroencephalogram (EEG) revealed generalized sharp waves (GSW) and photosensitivity
(Table 1.1) [182].

On the contrary, Stx1B-??'P is associated with developmental and epileptic encephalopathies, a
condition marked by epileptiform abnormalities leading to a progressive decline in cerebral
functions. This term encompasses eight syndromes, including Ohtahara syndrome, West syndrome,
and myoclonic encephalopathies [192]. The patient documented by Wolking et al. (2019) carrying
the Stx1B-?2'"® mutation showed developmental stagnation and exhibited various seizure types,
including GTCS, Abs and Myo, similar to the patient carrying the Stx1BE2'%% mutation, but
additionally showed atonic seizures (AS) and complex partial seizures (CPS) [182]. The neurologic
examination revealed a mild ataxia and the EEG displayed GSW and generalized polyspikes (GPS,
Table 1.1) [182].

Table 1.1: Condensed phenotypes of patients with Stx1B mutations

Intellectual Neurologic

Mutation disability examination Seizure types EEG
- Generalized
Dysfunctional No ;%?Xgomc Generalized
Stx1BE?19K (g628a) executive . : sharp waves
abilities abnormalities - Generalized " Photosensitive
myoclonic seizure
- Absence seizure
- Generalized tonic-
clonic seizure Generalized
- Generalized -
Developmental . . myoclonic seizure polyspikes and
Stx1B-22P (t662c) : Mild ataxia ) sharpwaves
stagnation - Absence seizure .
. ; Generalized
- Atonic seizure olvspikes
- Compex partial polysp
serizure

Table adapted from Wolking et al. [182]

Despite their close proximity, both mutations lead to a diverse range of phenotypes, underscoring
how even subtle changes can produce various effects, even when situated in similar positions. This
aspectincreases the interest in exploring the molecular and mechanistic effects of these mutations.
Additionally, the significance is further emphasized by their distinct biochemical impacts: the
E210K mutation causes a local charge reversal, while the L221P mutation likely affects the protein's

secondary structure.
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2. Aim

The SNARE complex formation machinery is essential for mediating the fusion of synaptic vesicles
with the presynaptic membrane, enabling neurotransmitter release, which is crucial for fast and
precise communication between neurons. This process involves an intricate, multi-step mechanism,
including the rearrangement of the helical domains of Stx1, Syb2, and SNAP-25, leading to the
formation of the SNARE complex helical bundle. The process is regulated and facilitated by key
orchestrating proteins, Munc18-1 and Munc13-1.

In recent years, substantial effort has been invested in advancing our understanding of the
molecular mechanisms underlying neurotransmitter release. Many interactions among the key
participants in this process are now well understood. However, despite these advancements, which
have resulted in increasingly refined and detailed models of the molecular mechanism, several
interactions remain incompletely characterized. Among these is the role of Syb2 and its interactions
with the MUN domain of Munc13-1 and Munc18-1.

Despite the complexity and critical nature of this mechanism, there seems to be no backup system
for membrane fusion reactions. Mutations in individual SNARE proteins or their orchestrating
partners can disrupt synaptic transmission, leading to neurological diseases and encephalopathies,
collectively referred to as SNAREopathies [171].

Recent studies by Schubert et al. and Wolking et al. have identified mutations within the gene
encoding Stx1B, providing valuable insights into the clinical spectrum of epileptic disorders
associated with these mutations [181, 182]. These studies have expanded the understanding of
Stx1B-related epilepsies, revealing that Stx1B mutation variants display significant diversity and
are implicated in various epilepsy phenotypes.

In this thesis, we focus on two specific mutations, E210K and L221P, both within the SNARE motif
of Stx1B. These mutations result in distinct phenotypes in patients but do not directly affect the
known binding interfaces of the SNARE complex, rendering their mode of action elusive.
Additionally, we aim to explore the interaction and binding behavior of Syb2 with the orchestrating
proteins Munc18-1 and the MUN domain of Munc13-1. Therefore, the objectives of this work are

to:

Investigate the molecular impacts of the Stx1BF?'%% and Stx1B-??'"P mutations on the

SNARE complex formation machinery.

Characterize the binding interactions of Syb2 with the orchestrating proteins Munc18-1 and
the MUN domain of Munc13-1.

Establish and utilize cross-linking mass spectrometry to structurally investigate the

interactions within the SNARE complex formation machinery and uncover binding sites and

potential conformational changes induced by Stx1B mutations.
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3. Materials and Methods

3.1. Materials

3.1.1. Devices and consumables

All devices and consumables used in this work are listed in Table 3.1.

Table 3.1: Devices and consumables used in this work

Devices / Consumables

Company

AccuBlock Digital DryBath D1302
Amersham Protran West. Blot. Membr. (0.2 um)
Asys UVM-340 Mircroplate reader

AVANCE Il 700 MHz spectrometer

Avanti J-26 XP

BioFrac Fraction Collector

Ultrospec 2100 pro spectrophotometer

Dual LED Blue/White Light Translllumination
Centrifuge 5415 D

Centrifuge 5415 R

Centrifuge 5804 R

ChemoCam HR16-3200 Imager

Drying Oven ED 53

Duran Borosilicate Glassware (var. size/volume)
Empore SPE Disks C18

ENrich 10x100 column

Enrich SEC 650 10 x 300 column

French Press Emulsifex-C5

HiLoad 16/600 Superdex 75 pg column

Inject Lyer Solo Syringe (var. volume)

L60 Ultracentrifuge

Multitron Incubator Shaker

Mastercycler X560 — PCR Thermocycler
MicroCal iTC200 Calorimeter

MIKRO 185 Micro Centrifuge

B30 UF Ultrapure Water

Measuring Cylinders and Beakers (var. size/vol.)
Micro-Pipette Tips (var. size/vol.)
Mini-PROTEAN TGX 4-20% Gradient Gel
Minisart NML Syringe Filter (sterile, 0.22 um)
Minisart NMR Syringe Filter (sterile, 0.45 um)
Nanodrop 2000

NGC Discover 10 Plus Chromatography System
NGC Quest 10 Plus Chromatography System
NMR Tubes
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Labnet International, Inc. (Edison, USA)
Cytiva (Amersham, UK)
Biochrom Ltd. (Cambridge, UK)
Bruker (Billerica, USA)
Beckman Coutler (Brea, USA)
Bio-Rad Laboratories, Inc. (Hercules, USA)
Amersham Biosciences (Amersham, UK)
Serva (Heidelberg, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf
Intas Sci. Imaging Instruments GmbH (Géttingen,
Germany)

Binder (Tuttlingen, Germany)

DWK Life Sciences (Wertheim, Germany)
CDS (Oxford, USA)

Bio-Rad Laboratories, Inc.
Bio-Rad Laboratories, Inc.
Avestin (Mannheim, Germany)

GE Healthcare (Boston, USA)
B.Braun (Melsngen, Germany)
Beckman Coutler
Infors HT (Bottmingen, Switzerland
Eppendorf
Malvern Panalytical GmbH (Malvern, UK)
Hettich (Tuttlingen, Germany)
Adrona (Riga, Latvia)

Vitlab (Grossostheim, Germany)
Corning (Corning, USA)
Bio-Rad Laboratories, Inc.
Sartorius AG (Géttingen, Germany)
Sartorius AG
Thermo Fisher Scientific (Waltham, USA)
Bio-Rad Laboratories, Inc.
Bio-Rad Laboratories, Inc.

Deutero GmbH (Kastellaun, Germany)



NucleoSpin Gel and PCR Clean-up Kit
NucleoSpin Plasmid Kit

Peristaltic Pump P-1

PES Membrane Filter (0.22 um)

Pipetus PipettePump

PowerPac Basic Power Suppy

Protino Glutathione Agarose 4B

Protino GST/4B 5 ml column

Protino Nickel-NTA 5 ml column

Q Exactive HF-Mass Spectrometer

RCT Basic Magnetic Stirrer

Research Plus Pipettes (various volumes)
S20 SevenEasy pH meter

SafelLock Tubes 1.5 ml/2ml

SafeSeal MicroTubes 1.5 ml

Scale ACJ 120-4M

Scale EW 1500-2M

Slide-A-Lyzer Mini Dialysis Device (var. MWCO)
Slide-A-Lyzer G2 Dialysis Cassette (var.
MWCO)

Superdex 200 Increase 10/300 GL column
Thermomixer comfort

UltiMate 3000 nano HPLC system
Ultrasonics Sonifier SFX250/SFX550
Univapo 150H

UV Cuvettes (semi-micro, single use, 1.5 ml)
Vivaspin 6 Centrifugal Concentrator (10K
MWCO)

Vivaspin 20 Centrifugal Concentrator (var.
MWCO)

Vortex Genie 2

ZelluTrans Mini Dialyzer

Machery-Nagel GmbH & Co. KG (Diren, Germany)
Machery-Nagel GmbH & Co. KG
Pharmacia Biotech (Uppsala, Sweden)
Merck Millipore KGaA (Darmstadt, Germany)
Hirschmann Laborgerate GmbH (Eberstadt, Germany)
Bio-Rad Laboratories, Inc.
Machery-Nagel GmbH & Co. KG
Machery-Nagel GmbH & Co. KG
Machery-Nagel GmbH & Co. KG
Thermo Fisher Scientific
IKA (Staufe, Germany)

Eppendorf
Mettler Toledo (Columbus, USA)
Eppendorf
Sarstedt (NUmbrecht, Germany)

Kern & Sohn GmbH (Balingen, Germany)
Kern & Sohn GmbH
Termo Fisher Scientific

Thermo Fisher Scientific

GE Healthcare
Eppendorf
Thermo Fisher Scientific
Branson (Brookfield Connecticut)
UniEquip (Planegg, Germany)
BRAND GmbH & Co. KG (Wertheim, Germany)
Sartorius AG

Sartorius AG

Scientific Industries, Inc. (Bohemia, USA)
Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

3.1.2. Standard Chemicals

All standard chemicals used for buffer and sample preparations, unless otherwise specified, were
purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany) or Sigma-Aldrich (St. Louis,
USA). DNA-Ladders (100 bp and 1 kb) as well as Gel Loading Dye (6x, purple) were bought from
New England BioLabs GmbH (Frankfurt am Main, Germany). Protein Ladders (Mark12™
Unstained Standard and PageRuler™ Prestained) and crosslinkers (disuccinimidyl sulfoxide
(DSSO) and disuccinimidyl dibutyric urea (DSBU)) were bought from Thermo Fisher Scientific.
cOmplete™ EDTA-free Protease Inhibitor Cocktail Tablets were purchased from Roche (Basel,
Switzerland). In-house made StageTips were prepared with Empore™ Octadecyl C18 Disks from
CDS Analytical, Inc. (Oxford, USA).
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3.1.3. Isotopes

5N-labeled ammonium chloride for isotope-labeling of proteins for NMR experiments was
purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, USA), CAMPRO Scientific
GmbH (Berlin, Germany) or Sigma-Aldrich. Deuterium oxide for 10% supplementation of NMR

samples was purchased from Sigma-Aldrich.

3.1.4. Enzymes

All enzymes were utilized for various tasks such as molecular cloning, modifications, protein

purification and analysis. Table 3.2 provides a list of enzymes employed.

Table 3.2: Enzymes used in this work

Enzymes Company
Restriction Enzymes (Dpnl, EcoRI, Ndel, Xhol) New England Biolabs
T4 DNA Ligase New England Biolabs
Antarctic Phosphatase New England Biolabs
KOD Hot-Start DNA Polymerase Novagen/Merck Millipore KGaA
Pfu DNA Polymerase EURXx (Gdansk, Poland)
Pfu Plus! DNA Polymerase EURX
Benzonase (Nuclease) Sigma-Aldrich
DNase AppliChem GmbH (Darmstadt, Germany)
RNAse Sigma-Aldrich
Thrombin Merck Millipore KGaA
Trypsin Promega Corp. (Madison, USA)

(Al commercially acquired enzymes were utilized with buffers either provided or recommended by the

manufacturers.)

3.1.5. Oligonucleotides

All oligonucleotides used as primers for site-directed mutagenesis (SDM), cloning or sequencing
via PCR were synthesized by Integrated DNA Technologies (Coralville, USA). Sequencing services
were provided by Mircosynth Seglab GmbH (Géttingen, Germany). The oligonucleotides utilized in

this study are shown in Table 3.3.

Table 3.3: Oligonucleotides used as primers for SDM, cloning or sequencing

Primer Sequence (5°-3’) Usage
Stx1B-QC-E210K-for | gagaccagcatccgcaagctgcacgatatgt SDM forward Stx1B E210K
Stx1B-QC-E210K-rev | acatatcgtgcagcttgcggatgctggtctc SDM reverse Stx1B E210K
Stx1B-QC-L221P-for | ggacatggccatgcccgtagagagccagg SDM forward Stx1B L221P
Stx1B-QC-L221P-rev | cctggctctctacgggcatggecatgtce SDM reverse Stx1B L221P

Stx1B-QC-K82E-for | atctcactgcagacatcgagaagacggccaacaag SDM forward Stx1B K82E
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Stx1B-QC-K82E-rev

Stx1B-QC-K83E-for
Stx1B-QC-K83E-rev

Stx1B-QC-KK82-83EE-for
Stx1B-QC-KK82-83EE-rev
Stx1B-CL-25-Ecorl-for

Stx1B-CL-252-Xhol-rev

Stx1B-CL-179-Ndel-for

Stx1B-CL-262-Xhol-rev

Stx1B-SQ-for
Stx1B-SQ-rev

Syb2-QC-A3K-for
Syb2-QC-A3K-for
Syb2-R30K-QC-for
Syb2-R30K-QC-rev
Syb2-R47K-QC-for
Syb2-R47K-QC-rev

Syb2-QC-WB89A-for
Syb2-QC-W89A-rev
Syb2-QC-W90A-for

Syb2-QC-W90A-rev

Syb2-QC-WWAA-for
Syb2-QC-WWAA-rev
Munc18-QC-D326K-for
Munc18-QC-D326K-rev
Munc18-QC-P335A-for
Munc18-QC-P335A-rev
Munc18-CL-1-Ecorl-for

Munc18-CL-594-Xhol-rev

cttgttggccgtcttctcgatgtctgcagtgagat
cactgcagacatcaaggagacggccaacaagg
ccttgttggccgtctecttgatgtctgcagtg
gatctcactgcagacatcgaggagacggccaacaaggttc
gaaccttgttggccgtctcctcgatgtctgcagtgagate
atagaattccgggaccacttcatggatgag

ataactcgagtcatttcttggtgtcagacacagctcge

atacatatggacatcaaaatggactcacagatgacg

tatctcgagtcacctccgggccttget

gggctgaaccgttcctcecgeg

ccagttcttcgttggtggtgg
ccccggaattcatgtcgaagaccgcetgccaccgtce
ggacggtggcagcggtcttcgacatgaattccgggg
aaatcttaccagtaacaagagactgcagcagaccc
gggtctgctgcagtctcttgttactggtaagattt
gaggtggtggacatcatgaaggtgaatgtggac
gtccacattcaccttcatgatgtccaccacctc

caagctcaagcgcaaatacgcgtggaaaaacctcaagat

9
catcttgaggtttttccacgcgtatttgcgcettgagcttg

gctcaagcgcaaatactgggcgaaaaacctcaagatgat

9
catcatcttgaggtttttcgcccagtatttgcgcttgage

cagccaagctcaagcgcaaatacgcggcgaaaaacctc
aagatgatgtaac
gttacatcatcttgaggtttttcgccgcegtatttgcgcttgagcett
ggetg

aagaccaccatgcggaagctgtcccagatgctg
cagcatctgggacagcttccgcatggtggtctt
tcccagatgctgaagaaaatggcccagtaccagaag
cttctggtactgggccattttcttcagcatctggga

atagaattcgcccccattggcctca

tatctcgagtcaactgcittatttcttcgtctgttttattcagct
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SDM reverse Stx1B K82E

SDM forward Stx1B K83E
SDM reverse Stx1B K83E

SDM forward Stx1B K82E,
K83E

SDM reverse Stx1B K82E,
K83E

Cloning Stx1B 25 N->C
restriction site EcoRI
Cloning Stx1B 252 C>N
restriction site Xhol, incl.
Stop

Cloning Stx1B 179 N=>C
restriction site Ndel
Cloning Stx1B 262 C>N
restriction site Xhol, incl.
Stop

Sequencing forward Stx1B
N->C

Sequencing reverse Stx1B
C->N

SDM forward Syb2 A3K

SDM reverse Syb2 A3K

SDM forward Syb2 R30K
SDM reverse Syb2 R30K
SDM forward Syb2 R47K
SDM reverse Syb2 R47K

SDM forward Syb2 W89A
SDM reverse Syb2 W89A
SDM forward Syb2 W90A

SDM reverse Syb2 W90A

SDM forward Syb2 W89A,
W90A

SDM reverse Syb2 W89A,
W90A

SDM forward Munc18-1,
D326K

SDM reverse Munc18-1,
D326K

SDM forward Munc18-1,
P335A

SDM reverse Munc18-1,
P335A

Cloning Munc18-1 1 N=>C
restriction site EcoRI
Cloning Munc18-1 594 C>N
restriction site Xhol, incl.
Stop



Munc18-SQ-for | atagaattcgcccccattggectca Sequencing forward
Munc18-1 N=>C
Munc18-SQ-rev | tatctcgagtcaactgcttatttcttcgtctgttttattcagct Sequencing reverse
Munc18-1 C>N
His-SQ-for | atacatatgcgggaccacttcatggatgag Sequencing forward His-Tag
N->C
GST-SQ-for | atagaattccgggaccacttcatggatgag Sequencing forward GST-
Tag N>C
Gex3-rev | gcttacagacaagctgtgac Sequencing reverse
pGEX-4T1 plasmid C=>N
pET-down | gattatgcggccgtgtac Sequencing reverse
pET28-a(+) plasmid
T7term | tgctagttattgctcagegg Sequencing reverse pTol2
plasmid

3.1.6. Constructs

DNA encoding the desired protein constructs were incorporated into different plasmid vectors,
depending on which tag or properties were needed for expression and purification of the protein.

Table 3.4 provides a list of all protein constructs used for this thesis.

Table 3.4: Protein constructs with the corresponding plasmid vector

Protein Construct Plasmid Description
Name
Stx1B Fullength ® hrtTA-VP 16 Stx1B (1-288), Homo sapiens
Stx1BYT * PGEX-4T1 Stx1B (25-252), Homo sapiens
Stx1BWT2F + pTol2 Stx1B (1-288), Homo sapiens
Stx1B"T SNARE-long * pGEX-4T1 Stx1B (179-262), Homo sapiens
Stx1BWT SNARE-long pET28-a(+) Stx1B (179-262), Homo sapiens
Stx1B"T SNARE-TMR pET28-a(+) Stx1B (189-288), Homo sapiens
Stx1BF210K pGEX-4T1 Stx1B (25-252), E210K, Homo sapiens
Stx1BE210K-ZF pTol2 Stx1B (1-288), E210K, Homo sapiens
Stx1BF?1K SNARE-long pET28-a(+) Stx1B (179-262), E210K, Homo sapiens
Stx1BE210K SNARE-TMR pET28-a(+) Stx1B (189-288), E210K Homo sapiens
Stx1BE210KK82E pGEX-4T1 Stx1B (25-252), K82E, E210K, Homo sapiens
Stx1BE210K K82E-ZF pTol2 Stx1B (1-288), K82E, E210K, Homo sapiens
Stx1BE210K K83E pGEX-4T1 Stx1B (25-252), K83E, E210K, Homo sapiens
Stx1BE210K KKEE PGEX-4T1 Stx1B (25-252), K82E, K83E, E210K, Homo sapiens
Stx1BV216E pGEX-4T1 Stx1B (25-252), V216E, Homo sapiens
Stx1BL221P pGEX-4T1 Stx1B (25-252), L221P, Homo sapiens
Stx1BL221P-2F pTol2 Stx1B (1-288), L221P, Homo sapiens
Stx1B221P SNARE-long pET28-a(+) Stx1B (179-262), L221P, Homo sapiens
Stx1Bt221P SNARE-TMR pET28-a(+) Stx1B (189-288), L221P, Homo sapiens
SNAP-25 % pET28-a(+) SNAP-25 (1-206), Homo sapiens
Syb2 pGEX-4T1 Syb2 (1-96), Homo sapiens
Syb2 * pET28-a(+) Syb2 (1-96), Homo sapiens
Syb243K pGEX-4T1 Syb2 (1-96), A3K, Homo sapiens
SybfR30K pGEX-4T1 Syb2 (1-96), R30K, Homo sapiens
Syb2R47K pGEX-4T1 Syb2 (1-96), R47K, Homo sapiens
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Syb2W89A pGEX-4T1 Syb2 (1-96), W89A, Homo sapiens
Syb2W90A pGEX-4T1 Syb2 (1-96), W90A, Homo sapiens
Syb2WwaA pGEX-4T1 Syb2 (1-96), W89A, W90A, Homo sapiens
Munc18-17 | pM18-IRES2-EGFP-lenti | Munc18-1 (1-594), Rattus norvegicus
Munc18-1%T* pGEX-4T1 Munc18-1 (2-594), Rattus norvegicus
Munc18-1P326K pGEX-4T1 Munc18-1 (2-594), D326K, Rattus norvegicus
Munc18-1P3354 pGEX-4T1 Munc18-1 (2-594), P335A, Rattus norvegicus
Munc13-MUN t pMA-T Munc13-1 (859-1531, A1408-1452), Rattus
norvegicus
Munc13-MUN * pGEX-4T1 Munc13-1 (859-1531, A1408-1452), Rattus
norvegicus

(Constructs labeled with b were kindly gifted by the Lerche Lab (Universitatsklinikum Tlbingen). Constructs labeled
with « were cloned by Dr. Fabian Gerth in the Freund Lab (Freie Universitat Berlin). Constructs labeled with + were
cloned by Dr. Wietske van der Ent in the Esguerra Lab (University of Oslo). Constructs labeled with I were kindly
gifted by the Wahl Lab (Freie Universitat Berlin). Constructs labeled with £ were synthesized by and purchased
from Twist BioScience (San Francisco, USA).)

3.1.7. Bacterial strains

Various heat-shock-competent E. coli strains were utilized for DNA amplification and heterologous

protein expression. A comprehensive list of these bacterial strains can be found in Table 3.5.

Table 3.5: Bacterial strains used for cloning or protein expression

E. coli strain Application Description
(Distributer)
DH5a | Subcloning and endA1 recA1 $80d lacZAM15 A(lacZYA-argF) U169
(New England Biolab) | plasmid amplification | deoR hsdR17(r« mk*)
XL1-Blue | Subcloning and endA1 gyrA96(nalR) thi-1 recA1 relA1 lac ginV44
(In-house) | plasmid amplification | F[::Tn10 proAB+ laclq A(lacZ)M15] hsdR17(rk- mk+)
Top10 | Subcloning and F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74
(In-house) | plasmid amplification | nupG recA1 araD139 A(ara-leu)7697 galE15 galK16
rpsL(Strf) endA1 A-
BL21(DE3) | Protein expression B F~ ompT gal decm lon hsdSs(rsms~) A(DES3 [lacl
(New England Biolab) lacUV5-
T7 gene 1.ind1 sam7 nin5]) [malB*]k-12(AS)
Rosetta(DE3) | Protein expression B F ompT gal dem lon hsdRs(rs-ms~) A(DE3 [laclgq
(Novagen/Merck Millipore lacUV5-T7 gene 1 ind1 sam7 nin5]) [malB*]k-12(AS)
KGaA)

3.1.8. Growth media

Different growth media were utilized for cell cultivation and protein expression. Table 3.6 shows a

list of the media used.

Table 3.6: Media used to cultivate cells and express proteins

Medium
Lysogeny Broth (LB) Medium
Double Yeast Tryptone (2YT)
Medium
5N-enriched M9 Minimal Medium

Composition
10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.0
16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, pH 7.0

8 g/l NazPOs, 2 g/l KH2PO4, 0.5 g/l NaCl, 1 mM MgSOs4, 0.3 mM CaClz,
7.5 uM ZnCl, 0.8 yM CuSO4, 36 uM FeSOs4, 1.5 mg/l thiamine,
1.5 mg/l biotin, 0.75 g/l "®*N- NH4CI, 2 g/l, 4 g/l D-glucose, pH 7.0
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3.1.9. Standard buffers, dyes and other solutions

Standardized buffers, dyes, and solutions were routinely employed in the laboratory for specific
experiments. These can be found in Table 3.7. Any additional buffers or modifications to the listed

ones are detailed in the methods section.

Table 3.7: Standard Buffers, dyes and other solutions

Solution

Composition

TAE (50x)

GST Lysis/Wash Buffer (2x)

GST Elution Buffer (2x)

Native IMAC Lysis/Wash-1 Buffer
(2x)

Native IMAC Wash-2 Buffer (2x)
Native IMAC Elution Buffer (2x)
Munc18-1 Lysis Buffer
Munc13-MUN Lysis Buffer

PBS

SDS Sample Loading Buffer (5x)

SDS Running Buffer
Coomassie Dye
Coomassie Destainer

Transfer Buffer

TBS

TBS-T

M9 Salt solution (10x)
Trace Element solution

2 M Tris acetat, 50 mM EDTA, pH 8.3

300 mM NaCl, 20 mM NazHPO4, 10 mM EDTA, pH 7.4

40 mM Glutathione (reduced), 200 mM Tris, 10 mM EDTA, pH 8.0
600 mM KCI, 100 mM KH2PO4, 10 mM Imidazole, pH 8.0

600 mM KCI, 100 mM KH2PO4, 20 mM Imidazole, pH 8.0

600 mM KCI, 100 mM KH2PO4, 500 mM Imidazole, pH 8.0

PBS, 2 mM EDTA, 1 mM EGTA, 2 mM DTT

50 mM Tris, 250 mM NaCl, 1 mM TCEP, pH 8.0

137 mM NaCl, 2.7 mM KClI, 4.3 mM Na2HPO4, 1.4 mM NaH2PO4,
pH 7.4

1,5 M Tris, 50 vol% Glycerol, 10% SDS, 0.25% Bromphenol

Blue, 25 vol% B-Mercaptoethanol, pH 6.8

25 mM Tris, 192 mM Glycine, 0.1% SDS, pH 8.3

2.5 g/l Coomassie Brilliant Blue, 50 vol% Methanol, 10 vol% Acetic Acid
39 vol% Methanol, 10 vol% Acetic Acid

48 mM Tris, 39 mM Glycine, 0.075% SDS, 20 vol% Methanol,

pH 8.3

20 mM Tris, 150 mM NaCl, pH 7.4

20 mM Tris, 150 mM NacCl, 0.5 vol% Tween-20, pH 7.4

80 g NazHPO4 x H20, 20 g KH2PO4, 5 g NaCl, (H20 ad 1 L)

2.5 g EDTA, 250 mg FeSOs4, 25 mg ZnClz, 5 mg CuSOs4 (H20 ad

500 ml)

3.2. Molecular biology methods

3.2.1. Molecular cloning

The desired bacterial expression constructs were generated using appropriate templates of the
respective genes and specific oligonucleotides (Table 3.3) through polymerase chain reaction
(PCR). See Table 3.8 for the composition of reactants and Table 3.9 for detailed PCR settings.
After amplification, the DNA fragments were analyzed on an agarose gel (0.5%, 120 V, 30 min) and
purified using the NucleoSpin™ Gel and PCR Clean-up Kit from Macherey-Nagel (Diren,
Germany).

Subsequently, these fragments and the desired plasmid were treated with an appropriate set of
restriction enzymes with the 10x Cut Smart buffer (New England Biolab) at 37°C for 2 h to generate

compatible overhangs for subsequent ligation with a linearized plasmid. For constructs tagged with
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GST, cloning was performed into the pGEX-4T1 vector using EcoRI and Xhol restriction sites, while
His-tagged constructs were integrated into the pET28-a(+) vector at the N-terminus using Ndel and
Xhol restriction sites. To ensure vector restriction stability, the linearized plasmids underwent a
5’-dephosphorylation step at 37°C for 1 hour, preventing self-ligation. The treated vector was then
run on (120 V, 40 min) and extracted from an agarose gel (0.5%) using the NucleoSpin™ Gel and
PCR Clean-up Kit again.

The ligation process involved combining the insert and vector in a 3:1 molar ratio and incubating
them with 200 U of T4 DNA ligase and 1x T4 DNA ligation buffer in a total reaction volume of 20 pl
at 16 °C overnight. Following this, 6-8 pl of the ligation mixture was introduced into 50 pl of
competent E. coli strains (XL1-Blue, Top10, or DH5a) using heat shock transformation at 42°C.
After transformation, the bacterial cultures were plated and incubated at 37 °C overnight. The
resulting colonies were picked for glycerol stock preparation and the inserts were validated through
sequencing by Microsynth Seqglab. Positively confirmed constructs were introduced into the
BL21(DE3) E. coli strain for protein expression, following heat shock transformation procedures

similar to those described for the DH5a E. coli cells.

Table 3.8: Reactant composition for cloning using PCR

Component Cstock V (ul) Ctinal
Template - 1.0 0.5-1.0 ng/pl
KOD Hot-Start DNA Polymerase 20 U/pl 0.5 0.2 U/l
Primer forward 10 uM 15 0.3 uM
Primer reverse 10 uM 1.5 0.3 uM
dNTP mix 2 mM 5 0.2 uM
KOD PCR Buffer 10x 5 1x
H-0O (sterile) - 35.5 -

Table 3.9: Detailed listing of the PCR settings for DNA construct amplification

Step Time Temperature (°C) Number of Cycles Process
1 5 min 95 1x initial denaturation
2 30s 95 denaturation
3 30s 56 — 64 30 x annealing
4 30s-2 68 — 74 elongation
min
5 5 min 56 — 64 1x final elongation
0 4 1x hold

3.2.2. Site-directed mutagenesis

Site-directed mutagenesis (SDM) was conducted to introduce distinct point mutations into a DNA
construct. This allowed for the alteration of one or more amino acids, resulting in the desired protein
mutation. For this purpose, the required DNA construct served as a template in PCR using the

specific oligonucleotides listed in Table 3.3. The reactant mixture composition is shown in
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Table 3.10. PCR reactions were conducted at three distinct annealing temperatures for each primer
pair, with the specific conditions detailed in Table 3.11. Gel electrophoresis on a 1% agarose gel at
120 V for 30 min was used for quality assessment, using 5 ul of each PCR product. Plasmids that
showed successful amplification were purified using the NucleoSpin™ Gel and PCR Clean-up Kit.
The purified DNA was eluted with 15 pl of H20.

To process methylated DNA templates, a mixture of 1 pl Dpnl (20 U/ pl), 2.5 pl sterile water, and
1.5 ul of the 10x Cut Smart buffer was combined with 10 ul of the PCR product. This was followed
by incubation at 37 °C for 1 h and subsequent inactivation at 80 °C for 20 min. DH5a competent E.
coli cells were transformed by adding 2.5 pl of the digested mixture to 20 pl of cells, chilling on ice
for 10 min, then subjecting to a heat shock at 42 °C for 1 min, and finally cooling on ice for 3 min.
1 ml of LB medium was added to the transformed DH5a E. coli cells and incubated for 1 h at 37 °C.
After incubation, 200 pl were plated and incubated at 37 °C overnight. The resulting colonies were
picked for glycerol stock preparation and the mutated DNA constructs were validated through
sequencing by Microsynth Seqlab. Positively confirmed constructs were introduced into the
BL21(DE3) E. coli strain for protein expression, following heat shock transformation procedures

similar to those described for the DH5a E. coli cells.

Table 3.10: Reactant composition for SDM using PCR

Component Cstock V (ul) Cinal
Template - 1.0 0.5-1.0 ng/pl
Pfu (Plus!) DNA Polymerase 5 U/l 0.5 0.05 U/pl
Primer forward 10 uM 1.5 0.3 uM
Primer reverse 10 uM 1.5 0.3 uM
dNTP mix 2mM 5 0.2 uM
Pfu Buffer 10x 5 1x
H20 (sterile) - 35.5 -

Table 3.11: Detailed listing of the PCR settings for SDM

Step Time Temperature (°C) Number of Cycles Process
1 5 min 95 1x initial denaturation
2 30s 95 denaturation
3 30s 58, 60, 62 18 x annealing
4 6-8 min 68 elongation
5 7 min 68 1x final elongation
6 0 4 1x hold

3.3. Protein biochemistry methods

3.3.1. Protein expression

For protein expression, precultures were first prepared by inoculating a small sample of glycerol
stock into 10 ml of LB medium with the appropriate antibiotic (ampicillin for constructs in pGEX-4T1,

kanamycin for constructs in pET28-a(+)) and incubated overnight at 37 °C, 180 rpm. On the next
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day, the precultures were upscaled by transfer into 1 L of 2xYT medium supplemented with the
appropriate antibiotic.

Protein constructs intended to be measured via NMR needed to be "N isotope labeled and
therefore were expressed in 2 L of M9 minimal medium containing 750 mg/L of '®N-enriched (99%)
ammonium chloride (Table 3.6) and the appropriate antibiotic. A 10 ml portion of this ">N-enriched
M9 medium was first inoculated with a small sample from the glycerol stock to serve as a preculture,
which was incubated at 37°C overnight with shaking at 180 rpom. The next day, the preculture was
upscaled by transfer into the initial '>N-enriched M9 minimal medium.

The cultures were incubated at 37 °C at 180 rpm and frequently checked for their density. When
the absorption at 595 nm reached an ODsgs value of 0.6-0.8, the cultures were cooled down on ice
for 5-10 min. Then, the protein expression was induced by the addition of
isopropyl-B-D-1-thiogalactopyranoside (IPTG). For Stx1B SNARE and Stx1B SNARE-TMR
constructs, Syb2 constructs and SNAP-25 constructs 1 mM of IPTG was added. For Stx1B25-252
constructs 0.5 mM of IPTG was added. For Munc18-1 constructs 0.35 mM of IPTG and for
Munc13-1 MUN constructs 0.3 mM of IPTG was added. The induced cultures were incubated
overnight at 25 °C, 20 °C, 18 °C and 16 °C respectively.

On the following day, the cells were harvested by centrifugation at 6000 xg at 4 °C for 15 min. The
resulting cell pellets were transferred into 50 ml falcons containing 15 ml of appropriate lysis buffer
(GST-tagged Stx1B constructs and Syb2 constructs in GST Lysis Buffer; HIS-tagged
Stx1B constructs, Syb2 constructs and the SNAP-25 construct in Native IMAC Lysis Buffer;
GST-tagged Munc18-1 constructs in Munc18-1 Lysis Buffer; GST-tagged Munc13-MUN constructs
in Munc13-MUN Lysis Buffer (detailed buffer compositions in Table 3.7)) supplemented with one
tablet of cOmplete™ EDTA-free Protease Inhibitor Cocktail. After resuspension, the cells were snap

frozen in liquid nitrogen and stored at -20 °C until purification.

3.3.2. Protein purification
3.3.2.1. Purification of GST-Stx1B and GST-Syb2 wild-type and mutant constructs

E. coli cells expressing GST-tagged Syb2 or Stx1B wild-type and mutants were lysed by sonication.
For that, the suspension was first thawed at room temperature in a water bath. Subsequently, a
spatula tip of RNaseA, along with 5 pl of Benzonase and 100 ul of 1 M MgCl2, was added.
Sonication was carried out continuously and the maximum temperature was set to 15 °C with a
total sonication time of 20 min. Following sonication, the lysate was centrifuged at 15000 xg for 30
min at 4 °C. The clarified supernatant was then sequentially filtered through 0.45 ym and 0.2 um
pore-size filters.

The proteins were initially purified via affinity chromatography using a Protino GST / 4B FPLC 5 ml
column (Macherey-Nagel). The column was first equilibrated with 50 ml of GST Lysis/Wash Buffer
(Table 3.7). Subsequently, the lysate was applied to the column with a flow rate of 1 ml/min.

Unbound proteins were then washed off using 50 ml of GST Lysis/Wash Buffer (Table 3.7). Finally,
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the GST-tagged proteins were eluted from the column using 20 ml of GST Elution Buffer (Table 3.7,
Appendix Fig. 1 A) and Appendix Fig. 2 A)).

To cleave-off the GST-tag, the eluted proteins were treated with 50 pl of thrombin (1U/ul) and left
overnight at 4 °C rotating. Subsequently, the treated proteins were concentrated to a volume of
~5 ml and then further purified via size exclusion chromatography using a HiLoad 16/600 Superdex
75 pg column (GE Healthcare). Prior to this, the size exclusion column had been equilibrated with
the appropriate buffer. Fractions were assessed using SDS-PAGE according to the size-exclusion
chromatogram, and those containing the desired protein were collected (Appendix Fig. 1 B), D)
and Appendix Fig. 2 B), D)).

Following this, two Protino GST / 4B FPLC 5 ml columns, connected in series, were primed with
the appropriate buffer. The pooled fractions were subsequently passed through these columns to
separate the detached GST-tag from the purified protein. The resulting flowthrough, containing the
purified protein, was collected. The retained GST was then eluted using the GST Elution Buffer.
The purified proteins were then concentrated, with concentration measured via NanoDrop™
(Thermo Fisher Scientific), aliquoted, snap frozen using liquid nitrogen and stored at -80°C until
subsequent experiments (Appendix Fig. 1 C) and Appendix Fig. 2 C)).

After each purification step, a small sample was taken for SDS-PAGE to assess the quality and

correct size of the desired proteins (Appendix Fig. 1 and Appendix Fig. 2).

3.3.2.2. Purification of His-SNAP-25, His-Syb2 and His-Stx1BSNARE wild-type and mutant
constructs

E. coli cells expressing His-tagged SNAP-25, Syb2 or Stx1BSNARE wild-type and mutants were lysed
by sonication. For that, the suspension was first thawed at room temperature in a water bath.
Subsequently, a small spatula tip of RNaseA, along with 5 yl of Benzonase and 100 pl of 1 M MgCly,
was added. Sonication was carried out continuously, ensuring the temperature did not exceed
15 °C, with a total sonication time of 20 min. After sonication, 6 M urea was added to the lysate to
linearize the proteins, thereby preventing nonspecific aggregation. The lysate was then centrifuged
at 45000 xg for 30 min at 4 °C. The clarified supernatant was then sequentially filtered through
0.45 pym and 0.2 pm pore-size filters.

The proteins were then purified via affinity chromatography using a Protino Ni-NTA FPLC 5 ml
column (Macherey-Nagel). The column was first equilibrated with 50 ml of Native IMAC
Lysis/Wash-1 Buffer (Table 3.7), supplemented with 6 M urea. Subsequently, the lysate was applied
to the column with a flow rate of 1 ml/min. The bound protein on the column underwent two wash
cycles with Native IMAC Lysis/Wash-1 Buffer and Native IMAC Wash-2 Buffer (Table 3.7), each
consisting of 50 ml and both supplemented with 6 M urea. Finally, the His-tagged proteins were
eluted from the column using 20 ml of Native IMAC Elution Buffer (Table 3.7), supplemented with
6 M urea. The eluates were then concentrated until the desired concentration was achieved, as

confirmed by Nanodrop™ (Thermo Fisher Scientific) measurements or BCA assay. Subsequently,
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the proteins were divided into aliquots, snap frozen in liquid nitrogen and stored at -80 °C for later
applications.
After each purification step, a small sample was taken for SDS-PAGE to assess the quality and

correct size of the desired proteins (Appendix Fig. 3).

3.3.2.3. Purification of His-Stx1BSNARE-TMR wjld-type and mutant constructs

E. coli cells expressing His-tagged Stx1BSNARE-TMR wjld-type and mutants were lysed by sonication.
For that, the suspension was first thawed at room temperature in a water bath. Subsequently. a
small spatula tip of RNaseA, along with 5 ul of Benzonase and 100 ul of 1 M MgCl,, was added.
Sonication was carried out continuously, ensuring the temperature did not exceed 15 °C, with a
total sonication time of 20 min. After sonication, 6 M urea and 5% sodium cholate were added to
the lysate and incubated for 30 min, slowly rotating at 4 °C. Afterwards, the lysate was centrifuged
at 45000 xg for 45 min at 4 °C. The clarified supernatant was then sequentially filtered through 0.45
pum and 0.2 ym pore-size filters. The proteins were then purified via affinity chromatography using
a Protino Ni-NTA FPLC 5 ml column (Machery-Nagel GmbH & Co. KG). The column was first
equilibrated with 50 ml of Native IMAC Lysis/Wash-1 Buffer (Table 3.6), supplemented with 6 M
urea and 3% sodium cholate. Subsequently, the lysate was applied to the column with a flow rate
of 1 ml/min. The bound protein on the column underwent two wash cycles with Native IMAC
Lysis/Wash-1 Buffer and Native IMAC Wash-2 Buffer, each consisting of 50 ml and both
supplemented with 6 M urea and 3% sodium cholate. Finally, the His-tagged proteins were eluted
from the column using 20 ml of Native IMAC Elution Buffer, supplemented with 6 M urea and 3%
sodium cholate (refer to Table 3.6 for detailed Native IMAC lysis, wash and elution buffer
composition, Appendix Fig. 4 A)).

The eluate was then transferred into Slide-A-Lyzer™ dialysis cassettes (2.0 MWCO, 30 ml,
Thermo Fisher Scientific), to remove the urea and introduce 1% CHAPS through a stepwise dialysis
against a HEPES-buffer with decreasing urea concentrations (Buffer-A: 20 mM HEPES, 0.5 M NaCl,
1 mM EDTA, 1 mM DTT, 1% CHAPS, 3 M Urea, pH 7.4; Buffer-B: 20 mM HEPES, 50 mM NacCl,
1 mM EDTA, 1 mM DTT, 1% CHAPS, 1.5 M Urea, pH 7.4; Buffer-C: 20 mM HEPES, 50 mM NaCl,
1 mM EDTA, 1 mM DTT, 1% CHAPS, 0 M Urea, pH 7.4). The Buffer was changed every 6 h and
during the last dialysis step, the His-tag was cleaved by the addition of 50 U of thrombin at 4 °C
overnight (Appendix Fig. 4 B)).

The dialyzed and digested samples were then further purified by ion-exchange, loading the
samples onto an ENrich™ 10x100 column (Bio-Rad Laboratories, Inc.) for anion-exchange
chromatography. For that, an increasing gradient of NaCl was used to purify and elute the sample
from the column (Buffer-1: 20 mM HEPES, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% CHAPS, pH
7.4; Buffer-2: 20 mM HEPES, 1 M NaCl, 1 mM EDTA, 1 mM DTT, 1% CHAPS, pH 7.4). The gradual
gradient increase was set from 0% Buffer-2 to 80% Buffer-2 within 20 ml, followed by an increase

to 100% Buffer-2 for 30 ml to remove leftover impurities (Appendix Fig. 4 C), D)).

41



The eluted fractions were validated by SDS-PAGE according to the chromatogram, and those
containing the desired protein were collected and their concentration was measured via
NanoDrop™. The purified proteins were then aliquoted, snap frozen using liquid nitrogen and
stored at -80 °C until subsequent experiments (Appendix Fig. 4 C)).

After each purification step, a small sample was taken for SDS-PAGE to assess the quality and

correct size of the desired proteins (Appendix Fig. 4).

3.3.2.4. Purification of GST-Munc18-1 and GST-Munc13-MUN wild-type and mutant
constructs

E. coli cells expressing GST-tagged Munc18-1 as well as Munc13-MUN wild-type and mutants
were lysed by French pressure cell press. For that, the suspension was first thawed at room
temperature in a water bath and topped up to 50 ml with the respective lysis buffer. Subsequently,
a small spatula tip of RNaseA, along with 15 ul of Benzonase and 250 ul of 1 M MgCl», was added.
Additionally, 50 ul of 2 M DTT was added for Munc18-1. The French press was washed with water
and equilibrated with lysis buffer. Then, the cell suspension was passed through three times and
the resulting lysate underwent centrifugation at 15000 xg for 30 min at 4 °C. The clarified
supernatant was then sequentially filtered through 0.45 ym and 0.2 ym pore-size filters.

To extract the GST-fused Munc proteins, 1 ml of Protino Glutathione Agarose 4B beads
(Macherey-Nagel) were added to the lysate, and rotated at 4 °C either for 2 hours (for Munc13-MUN)
or overnight (for Munc18-1). Once incubation was complete, the beads were settled in a falcon and
spun down at 500 xg for 5 minutes at 4 °C. The supernatant was removed and the beads, now
bound with GST-tagged Munc18-1 or Munc13-MUN proteins, were resuspended in the first washing
buffer (PBS, 1% Triton X-100) and transferred to a 2 ml Eppendorf tube. The beads were then
washed once with the second washing buffer (PBS, 1 M NaCl, 5% Glycerol) and five times with the
third washing buffer (PBS, 5% Glycerol). Finally, the beads were washed two times with the
thrombin cleavage buffer (50 mM Tris, 200 mM NacCl, 2.5 mM CaCl,, pH 8.0). All centrifugations
between the washing steps to sediment the beads were carried out at 1.6 xg for 1 min at4 °C. For
on-bead digestion and removal of the GST-tag, 25 pl of Thrombin (1 U/ul) was introduced to the
beads in the thrombin cleavage buffer, after which the tubes were rotated at 4 °C overnight
(Appendix Fig. 5 A) and Appendix Fig. 6 A)).

After digestion, the beads were sedimented again and the supernatants were transferred to a fresh
Eppendorf tube and pooled with respective remaining protein that was subsequently washed off
the beads in a stepwise manner. Protein concentrations of the supernatants after each wash were

determined by NanoDrop™ and the beads were washed until the protein concentration of the

260 nm

supernatants dropped below an absorption ratio Zo0 of 0.05. The pooled GST-free proteins were

then filtered (0.2 pm) and concentrated to a final volume of 1 ml. Subsequent gel-filtration was
performed on a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated with the
required buffer. The eluted fractions were validated by SDS-PAGE according to the chromatogram,

and those containing the desired protein were collected (Appendix Fig. 5 B), C) and
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Appendix Fig. 6 B), C)). The purified proteins were then concentrated, with concentration
measured using NanoDrop™ (Thermo Fisher Scientific), aliquoted, snap frozen using liquid
nitrogen and stored at -80°C until subsequent experiments

After each purification step, a small sample was taken for SDS-PAGE to assess the quality and

correct size of the desired proteins (Appendix Fig. 5 and Appendix Fig. 6).

3.3.3. SDS-PAGE

Protein size and purity in solution were assessed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). A minimum of 1 pg of the protein was combined with
SDS loading buffer (5x) (Table 3.7) and diluted to achieve a final 1x concentration. The samples
were then usually boiled for 5 min at 95 °C and loaded and electrophoresed on either a
discontinuous homemade 15% polyacrylamide gel following Laemmli's method having a stacking
and a resolving gel part (see Table 3.12 for in house made gel composition) or a commercial
4-20% Mini-PROTEAN TGX Gradient Gel from Bio-Rad (Bio-Rad Laboratories, Inc.) with a voltage
range of 190-210 V for 45-55 min. After electrophoresis, the gels were stained with Coomassie dye
and destained using Coomassie destainer (Table 3.7). Protein sizes were approximated by
comparing their bands to those of a Mark12™ Unstained Standard or PageRuler™ Prestained that

were run alongside on the same gel.

Table 3.12: Composition of the in house made 15% polyacrylamide gels

Component Stacking Gel Sepraration Gel
H20 13.8 mi 27.2 ml
1.5 M Tris, pH 8.8 15 ml -

1.5 M Tris, pH 6.8 - 5ml

10% SDS 0.6 ml 0.4 ml

10% APS 0.6 ml 0.4 ml

30% Acrylamide 30 ml 6.8 ml

TEMED 24yl 25 ul

3.3.4. Bicinchoninic acid (BCA) assay

The BCA assay was performed in order to determine concentration of proteins that cannot be
measured via NanoDrop™ or for organelle lysates. For this purpose, the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) was employed. Bovine serum albumin
served as a standard and was prepared in 9 varying concentrations: 2000 ug/ml, 1500 ug/ml,
1000 pg/ml, 750 pg/ml, 500 pg/ml, 250 pg/ml, 125 pg/ml, 25 pg/ml, and 0 uyg/ml. The test sample
was diluted twice, using dilution factors of 10 and 100. Additionally, the sample buffer was assessed
in the BCA assay.

In each instance, 25 ul of the sample was dispensed into a well of a 96-well plate, repeated three
times for consistency. Subsequently, 200 ul of the prepared reagent mixture was introduced into

every well, followed by a 30-second shaking period. The plate was then placed in an incubator for
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30 min at 37°C. After incubation, the absorbance was read at 562 nm using a plate reader at room
temperature.
The protein concentration was extrapolated based on the absorbance values of the known protein

concentrations, and an average value across the various dilutions was derived.

3.3.5. SNARE complex formation assay
His-tagged Syb2 (1-96), SNAP-25 (1-206) and Stx1BSNARE (179-262) wild-type, E210K or L221P

mutant in Native IMAC Elution Buffer, supplemented with 6 M urea, were combined in an equimolar
1:1:1 ratio (150 pM) and transferred into Slide-A-Lyzer™ dialysis cassettes (3.5 MWCO, 3 ml,
Thermo Fisher Scientific). Urea was removed stepwise through dialysis against a Tris-buffer with
decreasing urea concentrations (Buffer-A: 20 mM Tris-HCI, 0.5 M NaCl, 3 M Urea, pH 7.4; Buffer-B:
20 mM Tris-HCI, 0.5 M NaCl, 1.5 M Urea, pH 7.4; Buffer-C: 20 mM Tris-HCI, 0.5 M NaCl, 0 M Urea,
pH 7.4). The buffer was changed every 6 h and after the last dialysis step, the NaCl concentration
was lowered to 200 mM (Digestion-Buffer: 20 mM Tris-HCI, 0.2 M NaCl, pH 7.4) and the His-tags
were cleaved by the addition of 50 U of thrombin at 4 °C overnight. The dialyzed and digested
SNARE assembly assays were then centrifuged at 15000 xg and filtered through 0.2 ym pore-size
filters to remove debris and aggregation. Unassembled components were removed by size
exclusion chromatography using a Superdex 200 Increase 10/300 GL column. The eluted fractions
were validated by SDS-PAGE according to the chromatogram, and those containing the desired
SNARE complex were collected. 4 ug of each SNARE complex were loaded with and without
boiling onto an SDS-PAGE together with 2 ug the individual proteins as size control, likewise with
and without boiling. Protein bands were identified and validated via liquid chromatography-mass

spectrometry (LC-MS) through tryptic in-gel digestion.

3.3.6. Tryptic in-gel digestion

Protein bands of interest from the SDS-PAGE gel were cut out and sliced into small fragments
(~1 mm in size) using a sterilized blade and then transferred to a 0.5 ml low binding Eppendorf
tube. To these gel fragments, 200 pl of destaining buffer (50 mM NH4HCO3 / acetonitrile (1:1, v/v))
was added and incubated for 15 min at 45°C with continuous agitation. After discarding the buffer,
the fragments were treated with 200 pl of trypsin buffer (50 mM NH4HCOs3, pH 7.8) and incubated
similarly. If remnants of blue staining persisted on the gel fragments, the previous steps were
reiterated. Subsequent to this, the fragments were treated with 100 ul of acetonitrile (ACN) for 10
min at 45°C, after which the ACN was carefully removed.

The gel fragments, having reduced in size post-ACN treatment, were then treated with 1 pg of
trypsin enzyme in 30 pl of 50 mM NH4HCOs-buffer to ensure comprehensive coverage. This mixture
was incubated at 37°C overnight.

Upon completion, the digestion process was halted using 30 pl of a stop-solution (0.5% TFA in
ACN). The resulting supernatant was transferred to a sterilized glass vial or Eppendorf tube. The

gel remnants were then treated with 10 pl of ACN, incubated at room temperature for 10 min, and
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centrifuged briefly. The resulting supernatant was combined with the previously collected one in the
glass vial.

The combined supernatant underwent drying in a vacuum centrifuge (speed vac.) for a duration of
1-2 h, until the solution completely evaporated. Once dried, the peptides were either stored
at -20 °C for future use or reconstituted in 10 pl of a solution containing 5% ACN and 0.1% TFA for

subsequent measurements via LC-MS.

3.3.7. SNARE lipid vesicle preparation
3.3.7.1. AN-SNARE complex formation (*

The AN-SNARE complex, comprising Stx1BSNARE-TMR (189-288), SNAP-25 (1-206), and AN-Syb2
(49-96), was formed by combining purified monomers (SNAP-25, AN-Syb2 (49-96) and full-length
Syb2 (1-116) were kindly provided by Dr. Agata Witkowska). The monomers were mixed ina 1:1:1.5
molar ratio, respectively, with the addition of 1% CHAPS, and left to incubate overnight. Following
this, the complex was purified using ion exchange chromatography with a Mono Q 4.6/10 PE (GE
Healthcare) anion exchanger in the presence of 1% CHAPS, employing a 2-step linear NaCl
gradient. Fractions eluted from the chromatography were verified via SDS-PAGE analysis of
unboiled samples according to the chromatogram, and those containing the desired complex were
collected. The purified complex was then aliquoted, rapidly frozen using liquid nitrogen, and stored
at -80°C until further use [193].

3.3.7.2. Small unilamellar vesicle (SUV) preparation (2

Two lipid mixtures were prepared for liposome formation. The mixture of the liposomes carrying the
AN-SNARE complex composed of L-a-phosphatidylcholine (PC), L-a-phosphatidylethanolamine
(PE), L-a-phosphatidylserine (PS), cholesterol and Phosphatidylinositol 4,5-bisphosphate (PIP2) in
a ratio of 48:20:20:10:2 respectively. For the liposomes carrying only the full-length Syb2, the
mixture composed of PC, PE, PS, cholesterol, NBD-PE and LissRhod-PE in a ratio of
50:17:20:10:1.5:1.5, respectively. The lipid mixture was dried under a stream of nitrogen and
subsequently reconstituted in a liposome buffer (20 mM HEPES, 150 mM KCI, 1 mM EDTA, 1 mM
DTT, pH 7.4) supplemented with 5% sodium cholate at a total lipid concentration of 13.5 mM.
Full-length Syb2 as well as the AN-SNARE complex was incorporated at a protein-to-lipid ratio of
1:500.

Following the addition of the SNARE proteins, the mixture underwent size-exclusion
chromatography using Sephadex G-50 Superfine (Sigma-Aldrich) resin, which has been pre-
equilibrated with liposome buffer. Liposome-rich fractions were identified by light scattering upon
illumination with a laser pointer. Fractions containing SUVs were collected and stored at 4 °C until
further use [193].

(1) Conducted together with Dr. Agata Witkowska (Haucke Lab, FMP Berlin).
(2) Conducted by Dr. Agata Witkowska (Haucke Lab, FMP Berlin).
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3.3.8. GST pull-down assay of Munc18-1 via Stx1B wild-type and mutants

The pull-down assay was conducted to quantify the in vitro binding of both Stx1B wild-type and
mutant to endogenous Munc18-1. GST-Stx1B wild-type and mutant fusion proteins were purified
following the protocol outlined in Chapter 3.3.2.1 with the only alteration being the exclusion of the
trypsin digestion step to keep the GST-tag covalently linked to the Stx1B proteins
(Appendix Fig. 7). In order to couple the GST-tagged STX1BWT, Stx1B-??'?, Stx1BE?'X or
Stx1BE210KK82E tg the beads, 50 ug of the GST fusion protein was incubated with 20 ul of Protino
Glutathione Agarose-4B beads in a low-binding Eppendorf tube. As a negative control, only GST
was used and coupled. Then, the tubes were topped up to 1 ml with PBS and rotated for 1 h at
room temperature.

Meanwhile, the mouse brain lysate was prepared by adding 4 ml of ice-cold Mouse Brain
Lysis Buffer (20 mM HEPES, 50 mM KCI, 2 mM MgClz, pH 7.4) supplemented with 0.5 mM EDTA
to a frozen mouse brain. Then, the mouse brain was homogenized with a glass-homogenizer.
Afterwards the lysate was further blended by pressing it through a G27 syringe needle 15 times.
Thereafter, the lysate was centrifuged at 15000 xg for 30 min at 4 °C and the protein concentration
was determined via BCA assay.

After that, the beads coupled to the GST-fused Stx1B proteins were washed three times with 500 pl
of PBS and then incubated with 2 mg of mouse brain lysate proteins in 1 ml of PBS and rotated for
1h at room temperature. Afterwards, the beads were washed two times with 1 ml of
Mouse Brain Lysis Buffer including 1% Triton X-100 and lastly washed with 1 ml PBS. To elute the
proteins from the beads, SDS-Loading Buffer (3x) was added and the samples boiled for 5 min at
95 °C. The SDS-samples were then run on two SDS-PAGEs, one for staining with Coomassie dye

and one for western blotting.

3.3.9. Western blot

To transfer proteins from an SDS-PAGE gel to a nitrocellulose membrane, the wet blotting
technique was employed. Initially, a commercial 4-20% Mini-PROTEAN TGX Gradient Gel was run
as previously outlined, using the PageRuler™ Prestained marker. The gel was not stained but was
briefly immersed in transfer buffer. For the western blot procedure, four filter papers and two 0.2 ym
nitrocellulose membranes were trimmed to match the SDS-PAGE gel dimensions and pre-soaked
in transfer buffer supplemented with 20% methanol. The nitrocellulose membrane and the
SDS-PAGE gel were layered between the filter papers, and the SDS-PAGE gel was positioned
towards the negative pole (cathode). The chamber was subsequently filled with transfer buffer and
chilled using an ice pack during the electroblotting process. As an electric current is initiated, the
negatively charged proteins from the gel migrate towards the positively charged anode, embedding
themselves in the nitrocellulose membrane. The blotting proceeded for 1 h at 100 V and ~200 mA.
The membrane was then treated with a 5% non-fat milk powder solution in TBS-T for an hour to
block nonspecific binding sites. Subsequently, it was exposed to the primary antibody, STXBP1
Rabbit (1:5000, proteintech® (Rosemont, USA)), in TBS-T for another hour. The membrane
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underwent three consecutive 5-minute washes with TBS-T. Following this, the secondary antibody,
goat anti-Rabbit IgG (H+L) linked with HRP (1:10000, Thermo Fisher Scientific), was applied and
allowed to incubate for 1 h. The membrane was then rinsed thrice with TBS-T for 5 min each time.
Finally, the western blot was developed using equal parts of HRP juice components A and B. The
resulting chemiluminescence was captured using the ChemoCam HR16 - 3200 Imager from INTAS
Science Imaging Instruments GmbH (Géttingen, Germany). The western blot image was analyzed
using Imaged. A rectangular area, matching the size and shape of the largest band, was defined
for analysis. The mean grey value (indicative of intensity) for each band within this rectangle was
calculated. Additionally, the average intensity of the background was determined and subtracted
from each band's intensity value. The sample with the highest intensity was normalized to a value

of 1.0 and the resulting ratios for the other samples were plotted on a bar graph.

3.4. Biophysical methods

3.4.1. Circular dichroism (CD) spectroscopy

CD spectroscopy exploits the differential absorption of left circularly polarized light (L-CPL) and
right circularly polarized light (R-CPL) by chiral molecules (Fig. 3.1 A)) [194]. The inherent chirality
of biomolecules, arising from their asymmetric molecular structures, results in distinct interactions
with these circularly polarized light forms (Fig. 3.1 B)) [195]. The CD spectrum, generated by
measuring the difference in absorbance between L-CPL and R-CPL over a range of wavelengths,
offers a unique fingerprint revealing information about the secondary structure of proteins [196].
Each secondary structure element in proteins exhibits characteristic features in the CD spectrum,
allowing for their differentiation (Fig. 3.1 C)): a-Helices, prevalent secondary structures in many
proteins, contribute negative peaks around 208 nm and 222 nm in the CD spectrum [197]. These
features arise from the unique dipole moments associated with the helical structure. -Sheets on
the other hand manifest as a negative peak near 218 nm in the CD spectrum. The distinct CD
signature of beta sheets allows for their identification and quantification [197]. Lastly, turns and
random coils, representing more flexible regions in protein structures, contribute to the overall
spectrum shape without well-defined peaks. Their presence is often inferred from the smoother
background of the CD spectrum [198].

CD spectra can be used to approximate the proportion of a molecule adopting specific
conformations, such as the a-helix, B-sheet or other configurations like random coil. These
fractional assignments impose significant constraints on the potential secondary conformations
assumed by the protein [199]. However, it's important to note that, in general, CD cannot precisely
pinpoint the location of detected alpha helices within the molecule or predict their exact quantity.
Nevertheless, CD proves to be a valuable tool to characterize structural conformations of proteins
and in highlighting conformational changes. For example, it can be employed to investigate
alterations in the secondary structure concerning variables like temperature or the concentration of

denaturing agents [197].
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Figure 3.1: A) Circularly polarized light is generated when the electric field vector undergoes rotational movement
around its direction of propagation (k) while maintaining a constant magnitude. The trajectory of the electric vector
in circularly polarized light traces a helical path along the direction of propagation (k). In the case of left circularly
polarized light (L-CPL) the electric vector rotates counterclockwise. Conversely, for right circularly polarized light
(R-CPL), the electric vector rotates clockwise (figure adapted from Snyder (2010) [200]). B) R-CPL and L-CPL are
influenced differently in a layer containing an enantiomer of an optically active chiral substance (figure adapted from
Commonswiki (2006) [201]). C) The exemplary standard CD spectra illustrate that each of the three fundamental
secondary structures in a polypeptide chain (a-helix, B-sheet, and random coil) exhibits a uniquely distinctive CD
spectrum (figure adapted from Wei et al. (2014) [202]).

3.4.1.1. CD Spectroscopy of Stx1B Wild-Type and Mutant Constructs, and Wild-Type and
Mutant SNARE Complexes

For CD spectroscopy measurements, the Stx1B constructs (25-252) and formed SNARE
complexes were dialyzed into a 10 mM sodium phosphate buffer, pH 7.4 and set to a final
concentration of 10-20 uM. The Jasco J-810 spectropolarimeter (Jasco Products Company
(Oklahoma City, USA)) was employed to record the spectra, utilizing quartz cuvettes with a path
length of 1 mm. Far-UV CD spectra were obtained within the 190-260 nm wavelength range at
25 °C. Melting curves were documented at 222 nm, spanning temperatures from 25-90 °C.
Recorded data were analyzed and plotted in OriginPro-2023 (OriginLab Corporation, (Northampton,
USA)). The measured CD spectra were converted into molar ellipticity (CDmdeg) according to

equation (1).

gobs (1)

cD =
mdeg " 10g00xlxc*n

6 = Wavelength

| = pathlength (cuvette)

¢ = sample concentration
n = number of residues
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Melting curves were normalized and fitted to the sigmoidal Boltzmann function according to
equation (2).

A1—4A;

Y = CDmaeg = oo07a:

+ A, (2)

A1 = CD signal at the start of the transition (baseline at the low end of x)

Az = CD signal at the end of the transition (baseline at the high end of x)

x = Temperature

xo = Infliction point

dx = slope factor (smaller dx equals steeper transition, larger dx equals more gradual transition)

3.4.2. Vesicle fusion assay — lipid mixing fluorescence detection ("

A widely used technique for detecting membrane fusion events involves observing lipid mixing,
which arises when two vesicles merge. Lipid mixing assays, commonly employed to study vesicle
fusion in vitro, rely on fluorescence resonance energy transfer (FRET) between fluorophores
embedded within the vesicle membranes [193, 203, 204].

The FRET signal measurement varies depending on the approach employed. The fluorescence of
the fluorophores can either increase or decrease upon fusion, contingent upon whether the FRET
donor and acceptor are situated on the membrane of the same initial set of vesicles or not [203-
205]. When the fluorophores are initially located on separate vesicles, energy transfer from the
donor to the acceptor occurs only upon fusion-mediated lipid mixing. This results in a decrease in
the donor fluorescence intensity and in an increase in the acceptor fluorescence intensity [205].
When the fluorophores are initially situated on the same membrane, vesicle fusion triggers a
dilution of the fluorophores due to the addition of more unlabeled lipids. Consequently, the average
distance between the donor and acceptor fluorophores increases, leading to a decrease in FRET.
This manifests as an increase in the donor fluorescence intensity and simultaneously a decrease
in the acceptor fluorescence intensity [204].

In this study, both the donor and acceptor fluorophores were located on the same membrane of the
vesicles, which also integrated the full-length Syb2 at the beginning of the reaction. Specifically,
NBD-PE (Avanti Polar Lipids (Alabaster, USA)) served as donor fluorophore, while LissRhod-PE
(Avanti Polar Lipids (Alabaster, USA)) was utilized as acceptor.

Vesicle fusion reactions were conducted and monitored at 37 °C using an FP-6500
spectrofluorometer (Jasco Products Company), equipped with a magnetic stirrer and temperature
control. The excitation and emission wavelengths were set to 488 nm and 520 nm, respectively to
record the fluorescence emission of the donor fluorophore.

To initiate the assay, 10 ul of the eluted full-length Syb2-SUVs were added to a measurement quartz
cuvette with a magnetic stirrer containing 500 pl of assay buffer (20 mM HEPES, 150 mM KCI, pH
7.4) and stirred for 60 s. Subsequently, 10 pl of the eluted AN-SNARE complex-SUVs were added
to the cuvette, and the increase in fluorescence was recorded under continuous stirring. At the end

of the measurement, 5 yl of 10% Triton X-100 were introduced to terminate the reaction and asses

(1) Conducted together with Dr. Agata Witkowska (Haucke Lab, FMP Berlin).
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the maximum de-FRET signal of NBD-PE and LissRhod-PE. After each run, the measurement
cuvette undergoes two washes with isopropanol followed by two washes with buffer solution before

proceeding with a new sample.

3.4.3. Isothermal titration calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) stands as a gold standard in providing a direct and
quantitative measure of the heat changes associated with molecular interactions in solution [206,
207]. This method plays a pivotal role in unraveling the thermodynamics governing binding events
between various biomolecules, such as proteins, nucleic acids, and small molecules. The
fundamental principle underlying ITC lies in its ability to monitor the heat produced or absorbed
during a controlled titration process, offering unique insights into the nature of molecular
associations [208].

At its core, ITC operates on the principle that when molecules interact, a temperature change
occurs due to binding events or chemical reactions, which is precisely recorded by the calorimeter.

The method is isothermal, meaning the temperature of the system is kept constant throughout the

experiment [209].
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Figure 3.2: A) Schematic representation of an ITC instrument with coin-shaped cells. The sample and reference
cells are enclosed within an adiabatic jacket, effectively isolating them from the external environment and
maintaining a consistent temperature. A step motor, situated in the syringe holder, regulates the plunger of a
hermetically sealed syringe, administering the titrant solution into the sample cell. Stirring mechanisms ensure rapid
homogenization following each titrant addition. Simultaneously, the temperature difference between the cells is
continuously converted into a voltage signal through the Seebeck effect using the thermopile. This signal is
subsequently transformed into a thermal power signal. Upon the addition of the titrant from the syringe to the
reaction vessel, it binds to the analyte within the cell, with any excess remaining in solution within the cell (figure
adapted from Srivastava et al. (2019) [210]). B) Schematic recording of a typical ITC experiment displaying an
exothermic binding reaction. Integrating the area under the injection peaks leads to a sigmoidal curve which can be
fitted and used to determine molar ratio enthalpy and the Kp-value (figure adapted from S. Caulton (2019) [211]).
C) Schematic recording of a typical ITC experiment displaying an endothermal binding reaction. Integrating the area
under the injection peaks leads to a sigmoidal curve which can be fitted and used to determine molar ratio enthalpy
and the Kp-value (figure adapted from S. Caulton (2019) [211]).
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The ITC instrument consists of two chambers — a sample cell containing one of the interacting
components (analyte) and a reference cell containing the solvent or buffer. The analyte is titrated
with the other component (titrant), which is added in small, controlled increments using a
syringe (Fig. 3.2 A)).

As the titrant is injected into the analyte, any heat changes associated with the binding or chemical
reaction are directly measured by the calorimeter. If the reaction is exothermic (heat-releasing), the
temperature in the sample cell will increase. If it is endothermic (heat-absorbing), the temperature
will decrease. The heat produced or absorbed during each injection is directly measured by the
calorimeter (Fig. 3.2 B), C)). The resulting data is a plot of heat change against the molar ratio of
titrant to analyte. This is accomplished by integrating the area under the injection peaks and
graphing the individual values based on the molar ratio of the binding event against AH [209, 212].
The resulting sigmoidal curve allows for determination of the stoichiometry (N), enthalpy (AH). The

Kp-value can be calculated according to equation (3).
K=Yk (3)

These data also allow the calculation of Gibb’s free energy changes (AG) and entropy changes
(AS) according to equation (4) and (5).

AG = —RTInK, (4)
R=8.314 L
mol*K
T = Temperature
AG = AH —TAS (5)

In addition to validating direct interactions with the target molecule, thermodynamic measurements
offer valuable insights into the underlying noncovalent forces driving binding. Polar interactions
typically make favorable contributions to the enthalpic component, while entropically favored

interactions tend to be more hydrophobic in nature [213].

3.4.3.1. ITC measurements of Stx1B WT and Mutant constructs with Munc18-1

For ITC experiments, Stx1B constructs (25-252) and Munc18-1 (2-594) were purified and brought
into a HEPES buffer (20 mM HEPES, 125 mM NaCl, 3 mM TCEP, pH 7.4) through gel filtration.
The concentrations of different Stx1B constructs were measured subsequently adjusted to a
concentration of 80 uM for the ITC measurement. Furthermore, the concentration of Munc18-1 was
assessed, and the sample was diluted to 8 uM.

Measurements were performed using a MicroCal iTC-200 (Malvern Panalytics). The cell-chambers
underwent a Decon90 wash under stirring at 50 °C. Subsequently, the cells were thoroughly rinsed
with distilled water and finally washed with ITC buffer. The entire system was set to 25 °C. The

reference cell was then loaded with 300 pl of the HEPES buffer, and the sample cell was filled with
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300 pl of 8 yM Munc18-1"T. Subsequently, the syringe underwent washing and was loaded with
60 ul of 80 uM Stx1B protein. The measurement commenced at 25 °C, involving 16 injections with
an initial delay of 120 s, a spacing time of 180 s, a stirring speed of 750 rpm, and a reference power
set to 5 uCalls.

The data were processed using MicroCal PEAQ-ITC Analysis Software (Malvern Panalytics).
Baseline correction was performed as needed and subsequently subtracted. The recording plots

and Kp-values were also extracted using the same software.

3.4.4. Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a versatile technique utilized for the detailed
investigation of molecular structures and interactions at the atomic level. The principle of NMR is
grounded in the behavior of atomic nuclei within a homogeneous magnetic field interacting with
radiofrequency electromagnetic radiation. Most atomic nuclei possess an intrinsic angular
momentum L, known as nuclear spin which depends on the spin quantum number I with

m = h/I(I + 1). The angular momentum is associated with a magnetic moment ji through the

gyromagnetic ratio y (i = y * Z). The gyromagnetic ratio varies for different isotopes. Nuclei with an
odd mass number typically exhibit a half-integer spin quantum number, while those with an even
mass number display an integer spin quantum number [214].

Nuclei with a spin quantum number I of %, such as 'H, °N, and '3C, are particularly relevant for
NMR experiments due to their single transition properties, which facilitate the study of

macromolecules like proteins. In the presence of an external magnetic field B, spins can occupy
21 + 1 energy levels. In case of [ = % only two possible energy levels are available. Due to the

slightly higher population of the lower energy level, this results in a net magnetization along the
magnetic field direction, known as the Zeeman Effect. When subjected to a radiofrequency pulse
aligned perpendicular to B, the nuclei undergo a transition between energy levels, inducing phase
coherence among spins and leading to a tilting of the net magnetization into the xy-plane (Fig. 3.3)
[214].

Figure 3.3: (Figure adapted from F. Gerth [215]) A) lllustration of the energy levels of nuclei with 1= before and
after the application of an external magnetic field, demonstrating the Zeeman Effect. B) Depiction of the orientation

and precession of magnetic moments, resulting in the generation of net magnetization m C) Projection of the
macroscopic magnetization vector M into the xy-plane following the application of a 90° pulse.
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Subsequent relaxation processes cause the net magnetization to return to its equilibrium state
along the z-axis, resulting in the generation of a time-dependent signal known as the free induction
decay (FID). Fourier transformation of the FID yields the resonance frequencies of the nuclei, which
can be plotted relative to a reference substance to determine chemical shifts in parts per million
(ppm) [216].

The chemical environment surrounding a nucleus influences its Larmor frequency and chemical
shift, providing valuable information about molecular structure and dynamics. Shielding effects from
electron shells and spin-spin coupling interactions contribute to distinct signals in the NMR
spectrum, aiding in the elucidation of molecular interactions and structural determination.

To overcome limitations posed by molecular size and complexity, multidimensional NMR
experiments are employed to correlate NMR-sensitive isotopes within molecules. By incorporating
variable evolution times before FID detection, these experiments enable the direct correlation of
nuclei within a molecule, expanding the scope of structural analysis and interaction studies (Fig. 3.4)
[214].

In protein-NMR analysis, the coupling of protons with heteronuclei such as N or '3C is of
significant interest as it allows for correlation between these nuclei while taking advantage of the
higher sensitivity of 'H. However, due to the low natural abundance of '®N and '3C isotopes,
proteins intended for these types of NMR experiments must be artificially enriched during
recombinant expression. To leverage proton sensitivity, NMR experiments employ methods where
magnetization is transferred between protons and heteronuclei, known as ‘insensitive nuclei
enhanced by polarization transfer (INEPT) (Fig.3.4). Among these techniques, the
"H-"5N-heteronuclear single-quantum correlation (HSQC) experiment is the most commonly used
in protein-NMR.

90° 180 90° 1!;30 90° 180
THT t2
t1 : t1
15 u ! =1
N 2 .2
INEPT t1 Evolution ireverse; Acquisition
INEPT

Figure 3.4: Decoupled INEPT "H-"°N-pulse sequence for acquiring a two-dimensional "H-""N-HSQC experiment
(figure adapted from M. Pascal [214]).

The 'H-"®N-HSQC experiment is widely utilized to correlate nitrogen and proton resonances,
providing valuable insights into protein backbone structure and dynamics. Each peak corresponds
to an NH-group in the proteins, acting as a unique fingerprint and providing structural information
(Fig. 3.5). Peak intensity, shape, and width convey details about the molecular weight and

dynamics [217].
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Figure 3.5: Schematic illustration of a 2D 'H-"SN-HSQC spectrum (right), where proton and nitrogen atoms are
correlated (left), resulting in each NH-group of the protein backbone producing a resonance signal within the

spectrum (figure adapted from J. Sticht [218]).

Signals from the nitrogen-bound protons of specific amino acid side chains, including asparagine,
glutamine, and tryptophan, also contribute to the spectrum. NH signals from histidine, lysine, and
arginine are typically observed outside the measured spectral range, with lysine occasionally

folding in as negative peaks. Proline residues lack an amide proton, thus do not contribute signals

to a 'H-">N-HSQC spectrum [217].
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Figure 3.6: A) Schematic illustration depicting the binding of a ligand molecule to a 'N-labeled protein. B) Following
the addition and binding of the ligand, changes occur in the "H-""N-HSQC spectrum compared to the reference
spectrum, manifesting as either cross-peak shifts or cross-peak broadening, resulting in the disappearance of

certain peaks (figure adapted from J. Sticht [218]).
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By analyzing changes in resonance patterns following the addition of ligands or other binding
partners, HSQC titrations offer valuable insights into molecular interactions and their strengths,
crucial for drug discovery and molecular biology research. Initially, a reference spectrum is obtained,
typically featuring the '>N-labeled protein alone. Subsequently, an unlabeled binding partner is
added to the protein. If interaction occurs between the molecules, observable differences in the
resonances compared to the reference spectrum emerge (Fig. 3.6). Furthermore, HSQC titrations
involve incrementally increasing concentrations of the ligand added to the protein sample. This
approach allows for the assessment of interaction strength, characterized by either fast or slow
exchange compared to the NMR timescale. This is discerned by peaks shifting linearly with binding
partner concentration or a decrease in peak intensity (Fig. 3.6). Specifically, peaks shifting linearly
with the concentration of the binding partner suggest fast exchange relative to the NMR timescale.
Conversely, peaks that decrease in intensity and increase in intensity at a shifted position suggest
slow exchange. Additionally, if peaks disappear without reappearing elsewhere, this usually
indicates intermediate exchange or the formation of a complex that is significantly large in size
[218].

3.4.4.1. NMR spectroscopy measurements of Syb2 wild-type and mutant constructs with
Munc13-MUN and Munc18-1

For NMR spectroscopy experiments, ®N-labeled Syb2 constructs (1-96) were expressed in
M9 minimal medium containing 750 mg/L of ">N-enriched (99%) ammonium chloride, purified and
brought into a HEPES buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 6.0 or 7.1) through
gel filtration (see section 3.3.). Stx1B constructs (25-252), the Munc13-MUN construct (859-1531,
A1408-1453) and Munc18-1 (2-594) constructs were expressed in 2YT medium, purified and
brought into the same HEPES buffer through gel filtration. The samples were prepared according
to the required concentration and supplemented with 10% D20. 2D 'H-'"®*N-HSCQ measurements
were acquired on a AVANCE Il 700 MHz spectrometer (Bruker), equipped with a 5 mm
triple-resonance cryoprobe. Measurement settings were set to 300 K with 64 scans and 160 scans
or 280 K with 40 scans and 160 scans. Spectral data were processed with TopSpin 3.2 (Bruker)
and plotted as well as analyzed using CcpNMR Analysis v.2.4.2 and v.3.1.2 [219, 220]. Cross-peak
intensities were analyzed and plotted using Microsoft Excel (Microsoft, Redmond, USA) and

binding curves were analyzed, fitted and plotted using OriginPro 2023 (OriginLab).

3.4.5. Cross-linking mass spectrometry (XL-MS)
3.4.5.1. Mass spectrometry (MS)

Mass spectrometry (MS) is a powerful analytical method used to determine the mass-to-charge
(m/z) ratio and intensity of ions in the gas phase. Initially employed in various research domains to
analyze small molecules, MS has evolved into a well-established technique for investigating the

structural and biophysical properties of bioorganic molecules such as peptides and proteins. As
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such, MS has emerged as a valuable tool for experimental protein structure analysis, detecting
structural alterations induced in solution and subsequently observed in the gas phase [221].
Fundamentally, a mass spectrometer comprises three key components: an ion source for
generating a stream of gaseous ions from the sample, a mass analyzer to separate these ions
based on their m/z ratio, and a detector to measure the ion masses and intensities. The signals are
then presented in a mass spectrum, displaying the ion intensities over their m/z ratio.

In this work, we employed an UltiMate 3000 nano HPLC system coupled online to a
Q Exactive HF-mass spectrometer (both by Thermo Fisher Scientific) to perform nanoscale
liquid chromatography-mass spectrometry (LC-MS, Fig. 3.7. A)).

Liquid chromatography (LC) plays a pivotal role in the analysis of complex mixtures by separating
their constituent molecules before they undergo mass spectrometry. This step is indispensable
because biological samples, like protein or peptides mixtures, or metabolites can harbor a multitude
of components with diverse molecular weights and chemical characteristics. Without separation,
these components would inundate the mass spectrometer simultaneously, causing overlapping
signals and hindering accurate identification and quantification of individual analytes. By pre-
separating the components, the LC-system enables the mass spectrometer to analyze compounds
consecutively, thereby enhancing sensitivity, resolution, and reliability. This process improves the
detection and characterization of specific molecules within the sample, leading to more precise and
comprehensive results [222].

Achieving separation involves passing the sample through a chromatographic column, where
different components interact with the stationary phase, causing them to elute at distinct times. The
LC-system precisely controls the flow rate of the mobile phase and the solvent composition gradient,
facilitating the separation of analytes based on their chemical properties. Subsequently, the
separated components are introduced into the mass spectrometer, amplifying sensitivity, specificity,
and overall performance of the analysis [223].

For the transfer into the mass spectrometer, the separated sample molecules are ionized through
an ion source, which in the case of the Q Exactive HF-mass spectrometer was an electrospray
ionization (ESI) source (Fig. 3.7. C)). There, the sample solution is introduced into a metal capillary
tube and the application of a high voltage to the capillary, often ranging from 1 to 5 kilovolts, induces
the formation of a Taylor cone at its tip. This cone arises from the interplay between the solvent's
surface tension and the electrostatic forces. As the voltage intensifies, the solvent at the tip of the
Taylor cone becomes charged, leading to the ejection of charged droplets. During their airborne
journey, solvent molecules evaporate from the droplet surface due to the strong electric field,
gradually reducing droplet size and yielding charged aerosol droplets. Continued evaporation
causes the charged droplets to reach a critical point where repulsive forces between same charges
overwhelm surface tension, resulting in a Coulombic explosion. This explosion breaks the droplets
into smaller entities, each potentially containing one or more charged molecules. With further
solvent evaporation, the remaining charged molecules become increasingly concentrated until all

solvent is evaporated, leaving behind gas-phase ions of the original molecules. ESI is highly
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valuable for analyzing large biomolecules such as proteins, peptides, and nucleic acids due to its
gentle ionization process, which minimizes fragmentation. These gas-phase ions can then be
introduced into the mass spectrometer for detailed analysis [222, 224, 225].

After entering the mass spectrometer through the sample cone, the gas phase ions are then
focused by a stacked-ring ion guide (S-lens), and guided by active beam guides further through the
bent flatapole towards the quadrupole. The bent flatapole, equipped with a wide bore at the bend,
serves to expel solvent droplets and other neutral species, preventing them from advancing deeper
into the instrument (Fig. 3.7. B), C)) [226].
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Figure 3.7: A) Schematic representation of the Q Exactive HF mass spectrometer (left) alongside the
UltiMate 3000 LC-system (right) (created by using elements from BioRender.com [10]). B) Detailed construction
layout of the Q Exactive HF, comprising a sample cone, followed by a stacked-ring ion guide (S-lens), a mass
selection pre-filter integrated at the injection flatapole, an actively guiding bent flatapole, a segmented quadrupole,
a high-energy collisional dissociation (HCD) cell, and ultimately an Orbitrap mass analyzer. (Image adapted from
Scheltema et al. (2014) [226]). C) Schematic blueprint of the Q Exactive HF's construction. lons generated at the
ion source are introduced into the mass spectrometer via the sample cone. The ion beam is subsequently focused
via the S-lens and directed through the bent flatapole by active beam guides, proceeding into the quadrupole. In
MS mode, all ions are transferred through the quadrupole into the curved linear trap (C-trap) before being directed
into the Orbitrap mass analyzer for the measurement of peptide ion masses (MS1 spectrum). In tandem MS (MS/MS)
mode, precursor ions are selected by the quadrupole mass filter and then guided into the HCD cell for collision-
induced dissociation (CID). Fragment ions are then directed via the C-trap into the orbitrap mass analyzer for the
measurement of fragment masses (MS/MS spectrum, schematic adapted from Thermo Fisher Scientific (2014)
[227]).

57



The quadrupole comprises four cylindrical bars aligned in parallel and polarized crosswise
(Fig. 3.7. B)). Through the application of a high-frequency field to this rod system, ions can be
selectively filtered based on their m/z ratio. This is achieved by employing both radio frequency and
direct current voltages on the quadrupole rods, creating a stable trajectory for ions with specific
m/z ratio. lons with different m/z ratio collide with the quadrupole's rods, while those within the
desired range pass through. Acting as a mass filter, the quadrupole permits the passage of ions of
interest while excluding undesired ones. By adjusting radio frequency and direct current voltages,
the quadrupole can selectively transmit ions of varying m/z ratio, facilitating the isolation and
analysis of specific ions within complex mixtures [228].

A notable technique within this context is tandem MS (MS/MS), where several analyzers are
coupled in tandem. MS/MS allows more comprehensive studies about the analyte, such as its
fragmentation behavior or selectivity behavior. Typically, behind the quadrupole, a collision cell is
integrated, such as the high collisional dissociation (HCD) cell found in the Q Exactive HF-mass
spectrometer (Fig. 3.7. B), C)). Following ion selection by the quadrupole, a defined number of ions
are trapped in the C-trap before being directed as a package either to the Orbitrap mass analyzer
(MS1 spectrum) or into the HCD cell for fragmentation and then to the Orbitrap mass analyzer
(MS/MS spectrum). Within the HCD cell, inert gases like helium or nitrogen serve as collision agents,
while electrodes generate an electric field to accelerate the ions. As ions collide with these gases,
they absorb kinetic energy which is converted into internal energy within the ions. The internal
energy raises the vibrational energy levels of the molecular bonds within the ions. Once the
vibrational energy exceeds the bond dissociation energy, the bond breaks, resulting in
fragmentation. This fragmentation process is called collision-induced dissociation (CID) or higher-
energy collisional dissociation (HCD) [229]. The fragmented ions are then returned to the C-trap
before injection into the Orbitrap for detection of fragment ion masses in form of a MS/MS
spectrum (Fig. 3.7. B), C)).

The Orbitrap mass analyzer stands as a pivotal element within mass spectrometers, renowned for
its exceptional resolution and accuracy in determining ion masses [226]. Its functionality hinges on
the principle of trapping and detecting ions within a high-frequency oscillating electric field. When
ions enter the Orbitrap, they are subjected to an electrostatic field created by the central spindle
electrode and the outer barrel electrode. This field forces the ions to spiral around the central
electrode in a stable, elliptical trajectory, as they are electrostatically attracted to the inner electrode
while their inertia balances this attraction [230].

The primary motion of the ions is radial, which helps determine their m/z ratio. In addition to this
radial motion, the ions also exhibit an axial (z) component in their movement, oscillating back and
forth along the axis of the Orbitrap, creating a frequency in the z-direction (Fig. 3.7. C)). This axial
oscillation is a key feature of the Orbitrap's operation, with the frequency of this motion directly
related to the ions' m/z ratio [231].

Both radial and axial motions contribute to the overall trajectory of the ions within the Orbitrap.

However, it is the frequency of the axial (z) oscillations that is primarily used to determine the m/z
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ratio of the ions. As the ions oscillate, they induce an image current in the outer electrode. This
current is a time-dependent signal that contains information about the frequency of ion oscillations.
The induced current is collected over a period, generating a time-domain signal. This signal
represents changes in the current over time and is a sum of all the frequencies corresponding to
different m/z ratios of the trapped ions [230].

Fourier transformation is applied to convert the time-domain signals into a frequency-domain signal.
The process involves breaking down the time-domain signal into its constituent sine and cosine
waves of varying frequencies. The frequency-domain signal consists of peaks at specific
frequencies corresponding to the oscillation frequencies of the ions. Each peak's position is
proportional to the m/z ratio of the ions. The frequencies obtained from the Fourier transform are

converted into m/z ratios using calibration equations that account for the specific characteristics of

the Orbitrap. The angular frequency is given by w = ’mL/Z where k is the force constant of the

potential. The m/z ratios and their corresponding intensities (derived from the magnitude of the
frequency peaks) are plotted to produce a mass spectrum. This spectrum shows the distribution of

ions based on their m/z ratios, with peaks indicating the presence of specific ion species [230].

3.4.5.2. Protein cross-linking

Cross-linking covalently links protein sites that are in close proximity. Since these covalent bonds
withstand denaturing conditions, they enable the analysis of protein complexes that would typically
dissociate. The advent of peptide mass spectrometry propelled the development of cross-linking
methods by promising efficient identification of cross-linked proteins and precise determination of
the involved residues [232]. Knowledge of the actual cross-linking sites can help to improve
structure determination, from entire proteins to smaller sections, known as ‘peptide-level resolution’
[233]. Cross-linked amino acids serve as distance constraints, aiding in determining the fold of
proteins or domains. Advances in mass spectrometers, protocols, and algorithms have enabled
cross-linking mass spectrometry (XL-MS) for analyzing multi-protein complexes, even those
challenging to analyze by other methods [232]. XL-MS offers several strengths. It operates in
solution, focusing on large structures like proteins and domains in their native and quaternary
structures. Although sample heterogeneity may prolong analysis time and challenge data
interpretation, the method remains versatile. Cross-linking has been successful in various
environments, including bacterial lysates, living cell membranes, cell compartments, and isolated
recombinant proteins. It is applicable to diverse structural motifs and enables the study of
conformational changes, such as those induced by other molecules. As proteins undergo
conformational changes, certain sites may come into closer proximity, allowing cross-linkers to
capture these proximities that were not previously in range [234-237].

Proteins are typically cross-linked using a chemical reaction involving a cross-linker and amino acid
side chains. Amino groups, thiols, and carboxylic acids are prime targets for cross-linking.

Cross-linkers usually have two reactive groups separated by a spacer, targeting those primary
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functional groups. Due to the high frequency of lysine in proteins, cross-linkers exclusively targeting
amino groups are commonly used in XL-MS studies of multi-protein complexes, enhancing the
chance of identifying cross-links [232].

In this study, we utilized two cross-linkers: disuccinimidyl sulfoxide (DSSO) and
disuccinimidyl dibutric urea (DSBU), with DSBU being the primary cross-linker employed. Both
DSSO and DSBU are MS-cleavable cross-linkers that feature an amine-reactive
N-hydroxysuccinimide (NHS) ester at each end, connected by a 7-atom and 11-atom carbon
spacer arm, respectively (Fig. 3.8 A)) [238, 239]. NHS esters efficiently react with primary amine
groups (-NH2), found in lysine residues and at the protein N-terminus, forming stable amide bonds.
In this reaction, the lone pair of electrons on the nitrogen atom of the lysine amine group attacks
the electrophilic carbon atom of the NHS ester, resulting in the formation of a stable amide bond
(Fig. 3.8 B)) [240].
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Figure 3.8: A) Chemical structures of disuccinimidyl sulfoxide (DSSO) and disuccinimidyl dibutric urea (DSBU).
DSSO features a 10.3 A spacer length, while DSBU possesses a 12.5 A spacer length. Both cross-linkers contain
N-hydroxysuccinimide (NHS) ester at each end, linked by a 7-atom (DSSO) and 11-atom (DSBU) carbon spacer
arm. The central moieties, sulfoxide in DSSO and urea in DSBU, are susceptible to cleavage in the gas phase
during MS/MS. B) lllustration of the amine-reactive NHS ester reaction, exemplified with DSBU. The reaction
involves a nucleophilic attack by the lysine residue's amino group on the electrophilic center of the cross-linker. This
yields various reaction products, including intermolecular cross-links or intramolecular cross-links, depending on
whether the cross-linked sites originate from the same protein or different proteins. Additionally, 'dead-end' cross-
links may occur, where only one side is connected to a lysine residue and the other is hydrolyzed. A particular
instance of intramolecular cross-links is the intrapeptide cross-link, wherein both lysine residues are located on the
same peptide.
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Both cross-linkers incorporate linkers containing either a sulfoxide in DSSO or urea in DBSU, which
can be cleaved in the gas phase during MS/MS using CID. The ability to selectively cleave
cross-linked peptides during MS/MS facilitates targeted acquisition methods, aiding in peptide
sequencing via traditional database search engines. Additionally, the cleavage of DSSO and DSBU
during MS/MS produces distinctive ion doublets, allowing for searchability using database search
engines like XlinkX v2.0, which we used in this work (Appendix Fig. 24 and Appendix Fig. 25)
[241, 242].

3.4.5.3. Chemical cross-linking and peptide purification

For cross-linking, Stx1B constructs (25-252), Syb2 constructs (1-96), Munc18-1 constructs (2-594)
and Munc13-MUN (859-1531, A1408-1453) were purified and brought into a HEPES buffer
(20 mM HEPES, 125 mM NaCl, 2 mM DTT, pH 7.8) through gel filtration. The constructs were then
concentrated to 5-40 uM in 70 ul (5-40 uM for cross-linker experiments, 10 uM for protein complex
investigations). Freshly resuspended DSSO or DSBU (50 mM stock solution in anhydrous DMSO,
Thermo Fisher Scientific) were added to a final concentration of 0.5 mM and incubated at room
temperature for 20 minutes. This step was repeated, and after another 20 minutes, the reaction
was quenched by the addition of Tris buffer (1 M, pH 8.0) to a final concentration of 20 mM and
incubated at room temperature for 30 minutes. The reaction volume was then doubled by adding
100 mM ammonium bicarbonate (ABC) buffer, and both crystalline urea and DTT were added to
final concentrations of 8 M and 5 mM, respectively, to denature and reduce the cross-linked proteins
at 56°C for 30 minutes. The samples were then alkylated with 8 mM iodoacetamide for 30 minutes
in the dark at room temperature. To initiate digestion of the cross-linked proteins, Lys-C (0.25 ug/ul,
2 ul) was added and samples were incubated for 4 hours at 37°C. Subsequently, the reaction
solution was diluted to a final concentration of less than 2 M urea by adding 100 mM ABC, and the
samples were further digested with trypsin (1 pg/pL, 2 ul) at 37°C overnight. The next day, the
digestion reaction was stopped by adding formic acid to a final concentration of 1%, and the
resulting peptide mixtures were desalted and purified using in-house-made C18-StageTips
(Rappsilber et al., 2007 [243]). The StageTip C18-membranes were activated with methanol,
washed with Peptide Elution Buffer (50% acetonitrile, 1% formic acid), and twice with
Peptide Washing Buffer (Milli-Q water, 1% formic acid). The samples were then loaded onto the
StageTips, washed with Peptide Washing Buffer, eluted with Peptide Elution Buffer, collected in a

glass vial, and dried under vacuum.

3.4.5.4. LC-MS data acquisition and XL-MS data analysis

Dried peptides were reconstituted in 10 pl of 0.05% trifluoroacetic acid (TFA) and 4% acetonitrile
in water. Sample volumes of 1 ug were loaded and analyzed using an Ultimate 3000 reversed-
phase capillary nano liquid chromatography (LC) system connected to a Q Exactive HF mass
spectrometer (Thermo Fisher Scientific). Samples were injected and concentrated on a trap column
(PepMap100 C18, 3 uym, 100 A, 75 ym i.d. x 2 cm, Thermo Fisher Scientific) equilibrated with
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0.05% TFA in water. After switching the trap column inline, LC separations were performed on a
capillary column (Acclaim PepMap100 C18, 2 uym, 100 A, 75 pm i.d. x 50 cm, Thermo Fisher
Scientific) at a flow rate of 300 nl/min. Mobile phase A contained 0.1% formic acid in water, and
mobile phase B contained 0.1% formic acid in 80% acetonitrile / 20% water. The column was pre-
equilibrated with 5% mobile phase B, followed by a gradient increase from 5% to 44% mobile phase
B over 130 minutes. Mass spectra were acquired in data-dependent mode with a single MS survey
scan (375-1575 m/z) at a resolution of 120000, and MS/MS scans of the 10 most intense precursor
ions at a resolution of 60000. The dynamic exclusion time was set to 30 seconds. Automatic gain
control was set to 3x108 for MS scans and 1x10% for MS/MS scans. Fragmentation was induced
by higher-energy collisional dissociation (HCD) with stepped collision energies of 21 eV, 27 eV, and
33 eV. MS/MS spectra were recorded using a fixed first mass of 150 m/z. MS/MS spectra
acquisition was triggered only for peptides with charge states of 4+ to 7+.

The acquired RAW files were converted into peak lists (.mgf format) using Proteome Discoverer
(Thermo, version 2.1). The CID-MS2 spectra were deconvoluted with the add-on node MS2-
Spectrum Processor using default settings. For the main search of the cross-linked peptides, the
in-house developed algorithm XlinkX v2.0 was used (Liu et al., 2017 [242]). The following search
parameters were used: DSBU cross-linker mass: 196.0848 Da (short arm: 85.0528 Da, long arm:
111.0320 Da) or DSSO cross-linker mass: 158.00376 Da (short arm: 54.01056 Da,
long arm: 85.98264 Da); MS1 precursor ion mass tolerance: 10 ppm; MS2 fragment ion mass
tolerance: 20 ppm; fixed modifications: Cys carbamidomethylation; variable modification: Met
oxidation; enzymatic digestion: Trypsin; allowed number of missed cleavages: 3. All MS2 spectra
were searched against a concatenated target-decoy database generated based on the WT and
mutant sequences of the proteins employed in the respective cross-linking experiment. Cross-links
were reported at a 2% false discovery rate (FDR) based on a target decoy calculation strategy

(Liu et al., 2017 [242]). The detected cross-links were mapped on available PyMol structures.

3.5. Biological Methods

3.5.1. Zebrafish maintenance and breeding (*)

Adult AB strain and stx1b"W"mt (sa17797) zebrafish (Danio rerio, Zebrafish International Resource
Center) were housed in standard aquaculture conditions at 28.5 °C with a 14-hour light/10-hour
dark cycle. Fertilized eggs were obtained through natural spawning, and embryos were cultured in
embryo medium (1.5 mM HEPES, 17.4 mM NaCl, 0.21 mM KCI, 0.12 mM MgSO., and
0.18 mM Ca(NO3)2, pH 7.6). The incubation was performed in a 28.5 °C incubator under a 14-hour
light/10-hour dark cycle. All experiments utilized larvae aged 1-6 days post-fertilization (dpf).
Ethical approval for zebrafish experiments was granted by the Norwegian Food Safety Authority
(FOTS permit ID 15469 and 23935). All experiments were performed in compliance with the
European Community Council Directive of November 2010 for Case and Use of Laboratory Animals
(Directive 2010/63/EU) and ARRIVE guidelines.

(1) Conducted by Dr. Wietske van der Ent (Esguerra Lab, University of Oslo).
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3.5.2. Generating transient transgenic zebrafish (7

A minimal Tol2 vector (pTol2) containing the human stx7b gene linked to mCherry via a self-cleaving
p2a peptide, under control of the zebrafish Her4.1 promotor, was co-injected with transposase
mRNA into fertilized eggs through microinjection at the single cell stage. The transposase protein,
translated from the injected mRNA, catalyzes the excision of the transposon construct from the
vector, facilitating its stable integration into the genome. Both the injected mRNA and transposase
protein gradually degrade, and once transposase activity concludes, the Tol2 insertions attain
stability. Integration events take place during the early stages of embryonic development. Zebrafish
larvae expressing the transferred human Stx1B construct were identified through fluorescence

resulting from the co-expressed mCherry [244].

3.5.3. Tectal field recordings ?

For local field potential (LFP) recordings, a glass electrode, connected to a high-impedance
amplifier, was filled with artificial cerebrospinal fluid (124 mM NaCl, 2 mM KCI, 2 mM MgSQOg4, 2 mM
CaCly, 1.25 mM KH2PO4, 26 mM NaHCO3, 4 mM sucrose and 10 mM glucose). Subsequently, a
larva was embedded in 2% low-melting-point agarose (Invitrogen (Waltham, USA)), and the glass
electrode was carefully positioned in the optic tectum of the larva. Recordings were conducted in
current clamp mode with low-pass filtering set below 1 kHz, high-pass filtering above 0.1 Hz, a
digital gain of 10, and a sampling interval of 500 ps. This was achieved using a MultiClamp 700B
amplifier and Digidata 1550 digitizer, both obtained from Molecular Devices (San Jose, USA).
Single recordings were conducted over a 20-minute duration, with spontaneous events considered
when the amplitude surpassed three times the background noise. Spike analysis was performed
using Clampfit 10.7 software (Molecular Devices).

Zebrafish selected for expression of human Stx1B originated from the same parental family each
experiment, of which the uninjected offspring displays on average <1 event per 20-minute recording
(data not shown). It is important to note that zebrafish studies and subsequent data analysis were
not conducted in a blinded manner. The number of zebrafish for experimental conditions ranged
from 15 to 27 individuals. It is essential to highlight that sample sizes were not predetermined in

this study.

3.5.4. Touch response recording ?

Touch response of the offspring of stx7bW™t zebrafish was tested in open-field recording of
zebrafish larvae 3 days past fertilization (dpf) at room temperature. The larvae were individually
placed into an embryo medium-filled 5 cm diameter petri dish and were gently touched on the tail
using a blunt needle. Recordings were taken from three to five populations, each containing a
minimum of 35 individual zebrafish larvae.

(1) Cloning was done by me, generation of transient zebrafish line was conducted by Dr. Wietske van der

Ent (Esgquerra Lab, University of Oslo).
(2) Conducted by Dr. Wietske van der Ent (Esguerra Lab, University of Oslo).
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4. Results

4.1. E210K and L221P mutations affect helicity but not thermal stability of Stx1B

To investigate the impact of the point mutations in Stx1B52'%€ and Stx1B-22"P on the overall protein
structure and stability, circular dichroism (CD) spectroscopy experiments were conducted to
examine the secondary structure and thermostability of the Stx1B constructs. The obtained
spectrum of Stx1B wild-type (WT) displayed a characteristic pattern indicative of an a-helical protein,
with minima at wavelengths 208 nm and 222 nm (Fig. 4.1 A)). This aligns with crystal and predicted
structures, confirming Stx1B as primarily an a-helical protein. Stx1BE?'% and Stx1B-%2'P exhibited
typical spectra for a-helical proteins as well, indicating that the overall secondary structure is
unaffected by either point mutation. Interestingly, the spectrum of Stx1BE2'%K showed a slightly
enhanced helicity, while Stx1B-??'? exhibited a slightly reduced helicity compared to Stx1B"T,

indicated by increased minima for Stx1BE?'%K and reduced minima for Stx1B“??'" (Fig. 4.1 A)).
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Figure 4.1: CD-spectroscopy investigation of Stx1BWT (black), Stx1BF?'%K (blue) and Stx1B-22'? (salmon). 20 uM of
each protein was used. A) Far-UV CD spectra depict dominantly helical content in Stx1BWT, Stx1BF?'%K, and
Stx1BL22'P. Stx1BL22'P exhibits reduced helicity, while Stx1BE?1%K shows increased helicity compared to Stx1BWT.

B) CD melting curves of Stx1BWT, Stx1BE2'%X and Stx1BY?2'P recorded at 222 nm, normalized to the maximum value
A — A,

1+ e(x—x0) / dx

represents the melting temperatures of the examined proteins. WT and mutants display a similar unfolding pattern

(full fraction unfold spectra in Appendix Fig. 8 A)). C) Bar diagram of melting temperatures from Stx1B"T and

mutants (x SEM, n = 3). All three proteins exhibit similar melting temperatures with no significant differences.

and fitted according to the sigmoidal Boltzmann function: f(x) = + A,. Turning point of the function

The cause for this might be attributed to the characteristics of the substituted side chains. Lysine,
recognized for its high helix-forming propensity, has the potential to act as a helix enhancer,
increasing the stability of a-helical structures [245]. This is attributed to its amino head group's
capability to form hydrogen bonds with the carbonyl oxygen of the protein backbone, thus
contributing to the stabilization of the helical conformation. Furthermore, in accordance with the
side-chain interactions observed in the helical wheel pattern, where residues at positions [i+3] and
[i+4] align on the same side of the helix as the residue at position [i], promoting helix stability, we
observe that three positions behind the introduced positively charged lysine in Stx1BE21K ([i+3]), a
negatively charged aspartic acid is present (Appendix Fig. 9) [246]. Together, they can form an

additional stabilizing interaction, not present in the wild-type protein.
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Conversely, proline is known for its feature to disrupt helical structures and is commonly referred
to as a helix breaker [245]. Proline disrupts a helix by either causing a break or introducing a kink.
This is attributed to its inability to donate an amide hydrogen bond (due to the absence of the amide
hydrogen achieved by the loop back of its propyl side chain back to the amide nitrogen).
Furthermore, its sidechain causes steric interference with the backbone of the preceding turn.
Within a helix, this interference results in a bend of approximately 30° in the backbone, disrupting
the helical configuration (Appendix Fig. 10) [247, 248]. As a consequence, Stx1BL?2'P exhibits
reduced helicity in CD spectroscopy.

Regarding protein stability, no significant differences in the thermostability were observed among
the individual constructs. All mutants and the WT exhibited similar melting curves in the fraction
unfold spectrum, revealing only minor differences in the melting temperatures (Twm) with
Stx1BWT: 69.42 £ 0.31 °C, Stx1BF?'%K; 69.08 + 0.54 °C and Stx1B-??'": 70.56 +0.49 °C
(Fig. 4.1 B), C)). This shows that the introduction of the different mutations does affect the helical
content of Stx1B, but has no impact on the overall protein stability.

4.2. Stx1B-?2'? diminishes stability and helicity of the SNARE complex

Given that both point mutations are situated in the SNARE motif, we aimed to assess whether their
introduction has any impact on SNARE complex formation. The residues E210 and L221 are
positioned between the layers -5 and -4 and the layers -2 and -1 respectively, and do not directly
contribute to the formation of the hydrophobic core of the SNARE complex (Fig. 1.3 A) and
Fig. 4.4 A)). However, introducing a residue with a different charge (Glu (-) > Lys (+)), and
particularly a structurally influential residue like proline, could potentially disrupt the proper
assembly of a stable SNARE complex. To examine the stability and folding of the mutant SNARE
complexes, we analyzed the Stx1BSNAREWT Sty 1 BSNARE-E210K gnd Stx1BSNARE-L221P constructs (179-
262) in vitro using a SNARE complex reconstitution assay (detailed in Chapter 3.3.5).

While both Stx1BSNAREWT gnd Stx1BSNARE-E210K formed SDS-stable SNARE complexes with Syb2
and SNAP-25, displaying comparable band intensities, the SDS-stable SNARE complex formation
ability of Stx1BSNARE-L221P \wgag significantly reduced, as evidenced by a substantial decrease in
band intensity on SDS-PAGE (Fig. 4.2 A)). Notably, only Stx1BSNARE-WT exhibited a strong band
indicating the formation of the t-SNARE complex with SNAP-25 (band at ~37 kDa). In contrast,
both mutants, Stx1BSNARE-E210K gnd Stx1BSNAREL221P - showed significantly weaker bands.
Furthermore, boiling led to the breakdown of all complexes into their individual components
(Fig. 4.2 B)).

To further investigate the reduced SNARE complex formation ability of the L221P mutant, we
conducted CD-spectroscopy experiments comparing the wild-type and mutant SNARE complexes.
Consistently, the inability of Stx1BSNARE-L221P tg form a stable SNARE complex was evident in the
CD spectra. All three SNARE complexes predominantly displayed an a-helical structure, with the

helicity of the SNARE complex formed with Stx1BSNARE-E210K haing more pronounced and that of
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the SNARE complex formed with Stx1BSNARE-L221P heing less pronounced compared to the wild-type

SNARE complex, likely due to the reasons mentioned earlier (Fig. 4.3 A)).
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Figure 4.2: A) Coomassie-stained SDS-PAGEs of assembled SNARE complexes using Stx1BSNAREWT
Stx1BSNARE-E210K gnd Stx1BSNAREL22P glong with Syb2 and SNAP-25. Both Stx1BSNAREWT gnd Stx1BSNARE-E210K
formed SDS-stable SNARE complexes, while the SNARE complex formation with Stx1BSNARE-L221P \wag diminished.
Furthermore, only the wild-type displayed a strong band for the t-SNARE complex, while the band intensity was
significantly reduced for both mutants. All samples were not boiled prior to loading on the gel. (Unmodified full-size
Coomassie-stained SDS-PAGE in Appendix Fig. 11). B) For control, all samples were boiled before gel loading.
Boiling caused the SDS-stable SNARE complex to dissociate, revealing bands corresponding to the individual
components.

The thermal stability of the E210K SNARE complex showed a slight but not significant increase
(Tv=83.81 £ 0.46 °C) while it was drastically reduced for the L221P SNARE complex
(Tm =75.72 £ 0.86 °C) compared to the WT SNARE complex (Tw =83.54 £ 0.56 °C, Fig. 4.3 B), C)).
Collectively, these results indicate that the E210K mutation within Stx1B’s SNARE motif does not
impede proper SNARE complex formation. In contrast, the Stx1B L221P mutation significantly

impacts both the formation and stability of the complex.
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Figure 4.3: CD-spectroscopy investigation of SNARE complexes formed with SNAP-25, Syb2 and Stx1BSNARE-WT,
Stx1BSNARE-E210K gr Stx1BSNARE-L221P 10 yM of each SNARE complex was used for the measurements. A) Far-UV
CD spectra depict dominantly helical content in SNARE complex WT (black), SNARE complex E210K (blue), and
SNARE complex L221P (salmon). SNARE complex L221P shows a reduced helical content, while SNARE complex
E210K reveals an increased helicity compared to SNARE complex WT. B) CD melting curves of SNARE complex
WT, SNARE complex E210K and SNARE complex L221P recorded at 222 nm, normalized to the maximum value

AL — Ay

and fitted according to the sigmoidal Boltzmann function: f(x) = T Gro) dx

+ A,. Turning point of the function

represents the melting temperatures of the examined proteins (full fraction unfold spectra in Appendix Fig. 8 B)).
C) Bar diagram of melting temperatures from SNARE complex WT and mutants (+ SEM, n = 3). While SNARE
complex WT and SNARE complex E210K display similar melting temperatures, the thermal stability of SNARE
complex L221P is drastically reduced (t-test, ***p < 0.001, two-tailed).
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The reason might lie in the layer composition of the SNARE complex and the helix-breaking
characteristics of the proline residue (Fig. 1.3 A), Fig. 4.4 A) and Appendix Fig. 10 A), B)). While
the zero layer achieves stability through ionic interactions between charged glutamine and arginine
residues, the adjacent layers are upheld by hydrophobic interactions, enabling a water-tight seal to
isolate the ionic interaction of the zero layer from the surrounding solvent (Fig. 1.3 B)) [44, 45]. The
introduction of proline directly next to the -1 layer may disrupt the proper formation of this layer, as
the a-helical configuration is disturbed (Fig. 4.4 B) and Appendix Fig. 10 B)). This could
compromise both the water-tight seal, exposing the zero layer to the solvent and diminishing its
interaction, and the complete zippering of the SNARE complex through the zero layer. As a result,

it could ultimately impede the successful formation of a stable complex.
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Figure 4.4: A) Section of the SNARE complex comprising of Syb2, SNAP-25 and Stx1A, showing the layers -6 to
+1 and the corresponding locations of the mutations E210K and L221P on the Stx1B SNARE motif, which in Stx1A
are E211K and L222P (PDB: 3HD7). Neither of the mutated residues is part of the of the hydrophobic core; instead,
they point outwards. B) A potential model suggests how the L221P mutation could hinder the formation of a
functional SNARE complex due to the properties of the introduced proline. Proline can disrupt hydrogen bonding
along an a-helix, potentially creating a bend in the helical structure or even completely disrupting it just after layer -2.
This could prevent proper continuation of the zippering process, thereby preventing the formation of subsequent
layers.

4.3. FRET-based Vesicle fusion assay using AN-SNARE complexes to study the
effects of Stx1B E210K and L221P mutations ("

4.3.1. Stx1B L221P mutation significantly impairs vesicle membrane fusion

To assess the potential impact of the diminished SNARE complex formation ability caused by
Stx1B22'"P on membrane fusion and neurotransmitter release, we conducted a liposome fusion
assay. This assay aimed to mimic the mechanism and environment of synaptic vesicle fusion,
including factors like membrane curvature and charge repulsion between opposing membranes.
For that, we purified the whole C-terminal part of Stx1B, encompassing the SNARE motif, the JMD
and TMR (Stx1BSNARE-TMR '189-288), allowing the Stx1B constructs to anchor into the vesicle
membrane. Due to the involvement of the JMD and especially the TMR, the purification of these
Stx1B membrane protein constructs posed challenges. A detailed description of the purification can
be found in Chapter 3.3.2.3.

(7) Protein expression and purification was done by me. Vesicle fusion assay experiments were carried out
together with Dr. Agata Witkowska (Haucke Lab, FMP Berlin).
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In short, Stx1BSNARE-TMR wijld-type and mutant constructs were expressed in E. coli cells and
subsequently lysed by sonication under the addition of urea and sodium cholate as detergent to
linearize the proteins and prevent aggregation while maintaining solubility. The resulting lysate was
then ultra-centrifuged and the filtered supernatant was purified via Ni-NTA affinity chromatography
(Appendix Fig. 4 A)). All buffers used in this purification process were supplemented with urea and
sodium cholate. The eluted proteins underwent stepwise dialysis against a HEPES buffer
containing 1% CHAPS and with decreasing urea concentrations and were treated with thrombin to
cleave the His-tag (Appendix Fig. 4 B)). The digested proteins were then further purified by
ion-exchange chromatography with a steep NaCl gradient to ensure efficient elution of the whole
desired protein sample (Appendix Fig. 4 C), D)). This approach allowed for a highly concentrated
elution sample, eliminating the need for additional concentration processes that could potentially
compromise the integrity of the membrane proteins, which are not conductive to concentration in

conventional concentrators.
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Figure 4.5: A) Schematic representation of the vesicle fusion assay. AN-SNARE complexes are anchored into the
membrane of small unilamellar vesicles (SUVs). Upon conflation with SUVs covered with membrane anchored
full-length Syb2 as well FRET labels, the SNARE complex is formed, driving vesicle fusion. As membrane fusion
occurs, the fluorophores get diluted, causing an increase in distance between the FRET labels. This results in an
increase in the fluorescence emission of the donor, which is detected. B) Schematic overview of the transition from
a AN-SNARE complex to a fully formed SNARE complex. Full-length Syb2 zippers into the AN-SNARE complex in
the N- to C-terminal direction, replacing the AN-Syb2 and thereby forming the complete SNARE complex. C) Upon
excitation of the donor fluorophore, FRET occurs when the donor and acceptor fluorophores are in close proximity.
This leads to the quenching of the emission fluorescence of the donor, while the acceptor emits fluorescence.
However, with membrane fusion and subsequent dilution, the distance between the FRET labels widens, hindering
FRET. Consequently, only the donor emits fluorescence upon excitation.
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Together with SNAP-25 and a AN-Syb2 construct (Syb2, 49-96), a pre-formed AN-SNARE complex
(Stx1BSNARE-TMR:.SNAP-25:AN-Syb2) was generated and anchored into the vesicle membrane of
small unilamellar vesicels (SUVs) through Stx1B’s TMR (Fig. 4.5 A)). Full-length Syb2 was
anchored through its TMR into the membrane of other SUVs (Fig. 4.5 A)). As the opposing SUVs
come into close vicinity, a complete SNARE complex is formed, facilitated by the replacement of
the AN-Syb2 construct with its full-length counterpart, through N- to C-terminal zippering, driving
the membrane fusion (Fig. 4.5 B)) [193, 249].

To monitor vesicle fusion, we utilized a negative FRET lipid mixing assay. Both the donor
fluorophore, NBD-PE, and the acceptor fluorophore, LissRhod-PE, were situated on the same initial
vesicle membrane, incorporating the full-length Syb2 [193, 249]. At excitation wavelength for NBD
and close proximity to the acceptor, FRET occurs between the two labels, resulting in the quenching
of NBD's fluorescence emission (Fig. 4.5 C)) [193]. However, upon membrane fusion, the
fluorophores are diluted as a result of the net addition of unlabeled lipids. This causes an increase
in the average distance between the donor and acceptor fluorophores, resulting in a decrease in
FRET. Consequently, there is an increase in the emission fluorescence intensity of NBD
(Fig. 4.5 A), C)). Monitoring this fluorescence enables the tracking and quantification of fusion

events between vesicles, providing valuable insights into the membrane fusion process.
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Figure 4.6: Representative fluorescence diagram, monitoring vesicle fusion with Stx1BSNARETMR-WT
Stx1BSNARE-TMR-E210K gnd Stx1BSNARE-TMR-L221P throygh lipid mixing using FRET, normalized to individual maximum
values after addition of Triton X-100 (Appendix Fig. 12). The E210K mutant generally exhibited a rapid increase in
fluorescence, often reaching the plateau faster than the wild-type construct. The L221P mutant showed the slowest
fluorescence increase.

For the first 60 s, only SUVs with full-length Syb2 and fluorophores were held in the measurement
cuvette under constant stirring to assess baseline fluorescence. After 60 s, SUVs with the pre-
formed AN-SNARE complex including Stx1BSNARE-TMR-WT = Gy 1 BSNARE-TMR-E210K g Gty | BSNARE-TMR-
L221P were added into the measurement cuvette, starting the vesicle fusion (Appendix Fig. 12). The

increase of the donor fluorescence emission was monitored and at the end of the measurements,
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Triton X-100 was added to dissolve all vesicles and ultimately terminating the vesicle fusion assay.
The dissolvation and release of the components resulted in a sudden increase of the measured
fluorescence, indicating profound dequenching (Appendix Fig. 12).

In our analysis, we focused on the 600-second time frame immediately following the addition of
SUVs with the pre-formed AN-SNARE complex. For comparison of the data, we normalized the
fluorescence intensity of each run to its maximum value after Triton X-100 addition. As suspected,
the fluorescence intensity increase was significantly reduced for the measurements with vesicles
incorporating Stx1BSNARE-TMR-L221P " strongly suggesting a reduced vesicle fusion rate due to the
impaired SNARE complex formation capability caused by the L221P mutation within the SNARE
motif (Fig. 4.6). Surprisingly, the fluorescence intensity increase was significantly higher in the
measurements with vesicles incorporating Stx1BSNARE-TMR-E210K = ayen surpassing those with
Stx1BSNARE-TMRWT ygsicles. This suggests that the vesicle fusion rate was accelerated by the E210K
mutation.

The reason for this acceleration might lie in an increased clustering of the pre-formed AN-SNARE
complexes due to the additional positive charge introduced by the E210K mutation in Stx1B. This
additional positive charge might enhance binding to the PIP2 microdomains on the vesicle
membrane surface, bringing it closer to AN SNARE complex clusters. Along with Stx1B’s JMD, it
may also mask the negative charge of the membrane. This masking effect could reduce repulsive
forces between the two membranes, making it easier for them to come together and fuse [114, 250,
251].

4.3.2. Differential effects Stx1B E210K and L221P mutations on vesicle membrane fusion
kinetics

To gain quantitative insights into vesicle fusion kinetics, we analyzed data from 600 seconds after
adding SUVs with the pre-formed AN SNARE complex. This allowed us to compare the time
needed to reach half-maximal fluorescence intensity and the initial fusion speed when all vesicles
are unfused and have maximum binding potential (Fig. 4.7). Since fluorescence intensity
corresponds to vesicle fusion, reaching half-maximal fluorescence means half-maximal vesicle
fusion within the reaction time. We compared the average time taken by wild-type and mutant
SNARE complexes to reach half-maximal fluorescence to determine the fusion rate (Fig. 4.7 A),
B)).

Our measurements showed that vesicle fusion with the E210K mutation occurred the fastest, with
an average half-maximal fusion time of 49 seconds. Vesicle fusion with the L221P mutation was
the slowest, taking 85 seconds, almost twice as long (Fig. 4.7 B)). The wild-type construct had an
average half-maximal fusion time of 61 seconds, not much slower than E210K but significantly
faster than L221P (Fig. 4.7 B)). While wild-type data were somewhat similar to E210K, there was
less overlap with L221P data. The wild-type showed greater variation in the upper quartile, while
E210K showed large variations in both quartiles. This suggests different AN SNARE complex forms

in the wild-type, some causing significantly faster or slower fusion rates, with a lower limit of 37
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seconds. E210K surpassed this limit. L221P had less variation and longer fusion times compared
to wild-type and E210K.

These findings suggest that the L221P mutation hinders vesicle fusion, while E210K might enhance
it, as it required less time to reach half-maximal fusion compared to wild-type, though the difference
was not statistically significant.

To determine the fusion velocity at the initiation of the reaction, we conducted a data fit and
calculated the derivative to obtain the slope within the starting point (Fig. 4.7 C), D)). The starting
point was set at the 62-second mark to mitigate human error, as the reaction was manually initiated
by adding SUVs with full-length Syb2. While this addition was intended to occur at the 60-second
mark after the initial content leakage control, there might be a slight variation in the actual starting
time, given the manual initiation of the reactions.

As fit function we used:

flx) = &&9 (4)

b+x—t

Since it is a fractional rational function, the quotient rule must be applied:

e

f) =2 ©

Fx) = u’(x)*V(x)—u(zx)*V'(X) (6)
(v(0)

Therefore:

’ _ax(b+x—t)—ax(x—t)*1 _ axb+ax(x—t)—ax(x—t)
fe) = (b+x—t)2 - (b+x—t)? (7)

axb
(b+x-t)2

f1x) = (8)

Since t = 62 s (set starting point of the reaction) and we want to calculate the slope for each reaction

at the point of x = 62 s the equation simplifies to:

fly=22=2 (9)

b b

Consistent with the half-maximal fusion rate data, the L221P mutant showed a significantly lower
average slope of 0.0102 a.u./s compared to both the wild-type and the E210K mutant. Notably, the
data exhibited minimal variation, indicating precise measurements around the median. The E210K
mutant had the highest average slope of 0.0241 a.u./s but also displayed the greatest dispersion,
particularly in the upper quartile, suggesting the potential for very high vesicle fusion velocity. The
wild-type showed an average slope of 0.0178 a.u./s with moderate dispersion of the data points,
overlapping substantially with the E210K values and only slightly with the L221P mutant
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(Fig. 4.7 D)). This suggests that the initial fusion velocity may be influenced by the mutations within
the Stx1B SNARE motif. The L221P mutation appears to decrease the velocity, while the
E210K mutation seems to increase it.

Taken together, the vesicle fusion assay confirmed the initial observations, strongly indicating that
the L221P mutation within the SNARE motif of Stx1B significantly impedes vesicle fusion, likely
due to its reduced capacity for SNARE complex formation. This consistent trend was evident across

repeated runs, with minimal variation in the data.
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Figure 4.7: Quantification of vesicle fusion assay. A) Representative normalized fluorescence diagram of
Stx1BSNARE-TMR-WT - Gy { BSNARE-TMR-E210K gnd Sitx1BSNARE-TMRL221P - Normalized fluorescence diagrams were fitted
ax(x—t

half-maximum fusion) was calculated. B) Box plot of half-maximum fusion time shows that Stx1BSNARE-TMR-L221P
(n=7) reaches half-maximum fusion significantly slower but exhibits lower data dispersion compared to
Stx1BSNARE-TMRWT (n = 6, t-test, *p < 0.05, two-tailed, statistical normal distribution was verified by Shapiro-Wilk-test)
and Stx1BSNARE-TMR-E210K (n = 9 t-test, **p < 0.01, two-tailed, statistical normal distribution was verified by
Shapiro-Wilk-test). C) To calculate the initial fusion velocity, the fitted curves were differentiated at the 62-second
point (f'(x) = %). D) Box plot of the initial fusion velocity reveals a significantly lower initial fusion velocity and small

data dispersion for Stx1BSNARETMR-L221P (compared to Stx1BSNARE-TMRWT  (\Welch-test, *p < 0.05) and
Stx1BSNARE-TMR-E210K (\Welch-test, *p < 0.05).

using the function: y = t =62, and the time required to reach half-maximum fluorescence (y = 0.5,

Interestingly, the E210K mutation increased both the half-maximum vesicle fusion and fusion

velocity, suggesting a potential gain-of-function effect. This might be due to the mutation’s additional
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negative charge, which could enhance coordination and clustering on the vesicle membrane.
Furthermore, both mutants amplify certain effects observed in the wild-type, either accelerating
(E210K) or decelerating (L221P) vesicle fusion. This is indicated by the wide variation in data points
for the wild-type construct, suggesting the presence of multiple species capable of either fast or

slow vesicle fusion.

4.4. Characterizing the interaction of Stx1BE?1%% and Stx1B-%2'P with Munc18-1

4.4.1. Stx1BF?'%% and Stx1B“??"" show reduced affinity to Munc18-1, rescued by
StX1 BE210K,K82E

While Stx1B-22'P clearly reduces the formation and the stability of the SNARE complex, as well as
vesicle fusion, Stx1BE2'% does not appear to significantly affect these characteristics. Only a subtle
increase in the vesicle fusion capacity in our assay was observed, which could suggest a potential
gain-of-function effect, influencing the delicate balance of the neurotransmitter release mechanism
within the synapse. Yet, this effect was moderate compared to the wild-type and may not have a
significant physiological influence. Therefore, the physiological effects of Stx1BE2'%K probably arise
from another molecular mechanism.

Given that Munc18-1 is the primary binding partner of Stx1B, we decided to examine their
interaction. However, we anticipated minimal impact by the mutants since both mutations are
located away from the direct binding interface of these proteins (based on the crystal structure of
the Stx1A:Munc18-1 complex (PDB: 3C98) [140].
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Figure 4.8: A) Pull-down assay using Stx1B wild-type and mutant constructs coupled to a GST-tag as a bait for
Munc18-1 within mouse brain lysate. The pull-down bait and prey proteins were run on SDS-PAGE (lower section)
and Munc18-1 was detected by western blotting using Munc18-1 antibody (upper section, full-size
Coomassie-stained SDS-PAGE and western blot in Appendix Fig. 13). B) Quantification of western blots from
pull-down experiments using ImageJ. Intensities were normalized to the band intensities of Stx1BWT (+ SEM, n = 3).
While Stx1BF2'1%K and Stx1BY22'"P show clearly reduced binding towards Munc18-1, the rescue mutations
Stx1BE210KK82E displayed a band intensity almost at wild-type level.

First, we conducted GST-pull down experiments, expressing and purifying the Stx1B constructs
fused with a GST-tag and coupled to beads as bait, and incubated them in a mouse brain lysate to

assess their interaction with Munc18-1 as the prey (detailed in Chapter 3.3.8). As a negative control,
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only GST was coupled to the beads. The results were identified through SDS-PAGE and confirmed
by western blotting with an antibody for Munc18-1 detection, comparing the binding affinities of
different STX1B mutants based on band intensity and calculating the ratio to the wildtype
(Fig. 4.8 A), B)). While the pull down-assay with Stx1B"T showed a strong band for Munc18-1 in
the SDS-PAGE and on the western blot, surprisingly the Munc18-1 band intensities for both mutants
were substantially reduced compared to the Stx1B"T. This strongly suggests a reduced capability
of Munc18-1 binding for both Stx1B mutants which is notable considering that both mutations

diverge from the interaction interface with Munc18-1 (Fig. 1.14 B)).

Epilepsy Mutation
E210K

Rescue Mutation
E210K, K82E

Figure 4.9: Crystal structure of Stx1A:Munc18-1 complex (PDB: 3C98). The corresponding mutation sites of
E210(K) and K82(E) for Stx1B are depicted, which in Stx1A are E211(K) and K83(E). The panels illustrate a
proposed model detailing how the E210K mutation influences Stx1B's conformation and its binding affinity to
Munc18-1. In the Stx1B"T, E210, located on the SNARE motif, forms a salt bridge with K82 from the Hp helix of the
Habe domain, maintaining a closed conformation where the SNARE motif folds onto the Habc domain in which
Stx1B"T binds to Munc18-1. The E210K mutation introduces a charge repulsion with K82, potentially preventing
the SNARE motif from aligning with the Hase domain and by that diminish binding towards Munc18-1. However,
adding the rescue mutation K82E counteracts this effect. This adjustment allows the SNARE motif to fold onto the
Habe domain again, establishing a salt bridge with E210K and maintaining the closed conformation, allowing to bind
to Munc18-1 again.

Nevertheless, the structural impact of proline could potentially influence the overall binding interface
between Stx1B and Munc18-1, given the disruption of the a-helical composition. Particularly
intriguing is the case of the Stx1BE2'%K mutant as the introduction of the additional lysine rather has
a secondary structure gaining effect then a disturbing effect. However, upon examining the structure
of Stx1B, it becomes apparent that opposite from the negatively charged E210, at position 82 (on

helix Hp, of Stx1B’s Hanc domain), there is a positively charged lysine (K82), which forms a salt bridge
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with E210 in the closed conformation (Fig. 4.9). A charge reversion by the introduction of a
positively charged lysine at position 210 could potentially disrupt the original salt bridge, leading to
charge repulsion. We hypothesized that this may prevent the folding of the SNARE motif onto the
Hanec domain, hindering the formation of the closed conformation in which Munc18-1 typically binds
Stx1, thus disrupting the binding mode between Munc18-1 and Stx1B (Fig. 4.9).

Following this reasoning, we generated a rescue mutation by introducing a negatively charged side
chain at position 82. This approach aimed to restore the salt bridge, promoting a stable folding of
the SNARE motif onto the Hapc domain. Moreover, this strategy seeks to confirm our hypothesis as
it should allow for an increased binding affinity towards Munc18-1. To achieve this, we created the
rescue mutant Stx1BE210KK82E implementing a double charge reversion to mimic wild-type status
(Fig. 4.9). And indeed, the pull-down assay with the rescue mutant displayed a band intensity
similar to that of the wild-type, validating our approach (Fig. 4.8 A), B)).

To more precisely quantify the influence of the Stx1B mutations on the interaction towards
Munc18-1, we conducted isothermal titration calorimetry (ITC) experiments to determine the
individual dissociation constants (Kp). The binding of both proteins displayed an exothermal
reaction in a 1:1 stoichiometry for all measurements (Fig. 4.11). As expected, Stx1BWT
demonstrated a low Kp-value of 9.9 + 1.6 nM, indicative of a high affinity towards Munc18-1 and
aligning with values reported in the literature for the interaction between Stx1A/B and Munc18-1.
Stx1B'?2'P on the other hand exhibited a Kp-value of 216 + 7.2 nM, representing a ~20-fold
reduction in affinity towards Munc18-1 compared to Stx1BWT. Remarkably, this affinity decrease
was even more pronounced for Stx1BE?19K revealing a Kp-value of 2.3 + 0.4 yM, marking an affinity

decrease of approximately 100-fold compared to the wild-type.
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Figure 4.10: Representative isothermal titration calorimetry (ITC) profiles of Stx1BWT, Stx1B-22"P, Stx1BF21%K and
the rescue mutant Stx1BE210KK82E titrated against Munc18-1. Top: Heat changes upon ligand injection. Bottom: The
integrated power peaks fitted with a 1:1 model. The derived dissociation constants (Kp) are shown in the bottom
right corner of each panel (+ SEM, n = 3). The data were processed and analyzed using MicroCal PEAQ-ITC
Analysis Software (Malvern Panalytics).
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To explore the suggested rescue effect, we also examined the mutant Stx1BE210KK82E ysing |ITC.
And indeed, the binding affinity towards Munc18-1 was partially restored, closely mirroring that of
Stx1BWT, with a Kp-value of 25.2 + 2.2 nM.

In addition to confirming direct interactions, ITC measurements offer valuable insights into the
mechanisms of noncovalent forces driving binding. Typically, polar interactions contribute favorably
to the enthalpic component, while those favored entropically tend to involve more hydrophobic
interactions [213]. Analysis of the binding signature plots for each reaction reveals that the binding
of Stx1BWT, Stx1B-?2"P, and Stx1BE210KK82E to Munc18-1 is primarily driven by hydrogen bonding
and van der Waals interactions, accompanied by significant conformational changes indicated by
the negative binding enthalpy (AH) and unfavorable positive temperature-entropy-product (-TAS)
(Appendix Fig. 14). Notably, only the interaction with Stx1BE2'% appears to be more entropy-
driven, suggesting a greater involvement of hydrogen bonding and hydrophobic interactions,
supported by the favorable binding enthalpy (AH) and entropy factor (-TAS, Appendix Fig. 14).
Taken together, the findings underscore the critical role of Stx1B's conformational and structural
state in its binding to Munc18-1. Specifically, when Stx1B adopts an open conformation due to
charge repulsion from the E210K mutation, instead of its stabilized closed conformation, the binding
to Munc18-1 is significantly impaired. Additionally, the results imply that the impact of the E210K
mutation in Stx1B significantly manifests in the interaction with Munc18-1. Stx1B'??'" is also

affected, albeit to a lesser extent.

4.4.2. Only K82E mutation compensates for Stx1BF?'%.induced Munc18-1 interaction
deficits, but not a neighboring K83E mutation

Guided by the Stx1B sequence, we pinpointed an additional lysine at position 83 on the Hy, helix of
the Hanec domain, adjacent to the discussed K82 (Fig. 4.11 A)). Based on the solved structures of
Syntaxin-1 existent, K83 was not expected to influence any interactions, either with the SNARE
domain of Stx1B or with Munc18-1, as it adopts a different orientation (Fig. 4.11 B)). However,
given that only the structures of the Stx1A isoform are solved via protein structure determination
techniques, while those of the Stx1B isoform remain elusive, we also examined the neighboring
side chain. Subtle structural rearrangements in the solvent environment or sequence deviations
might affect the local structural arrangement. Based on this, we generated two additional mutants,
Stx1BE210KK83E gnd Stx1BE210KKK82-83EE (KKEE) tg explore any potential compensatory effects using
ITC (Fig. 4.12).

Interestingly, while Stx1BE?10KKKEE exhibited a rescue effect akin to Stx1BE?10KK82E with a Kp-value
of 17.5 £ 2.4 nM, Stx1BE210KK83E gholished binding to Munc18-1 completely. This was surprising
since, based on existing structures, the lysine at position 83 (or position 84 in Stx1A respectively)
does not seem to interfere with the interactions interface between Stx1 and Munc18-1 or with any
intramolecular interaction of Stx1. Hence, this K to E mutation was not expected to have such a

significant impact.
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Stx1B 71 KQELEDLTADIKKTANKVRSKLKAIEQSIE 100

Stx1A 71 TKEELEELMSDIKKTANKVRSKLKSIEQST 100

B)

Figure 4.11: A) Sequence alignment of the helix Hp in the Hanc domain for the Stx1B and Stx1A isoforms. The
C-terminal half is conserved between both isoforms, but the sequences are shifted by one residue. B) Crystal
structure of Stx1A:Munc18-1 complex (PDB: 3C98). The labeled residues correspond to the sequence of Stx1B,
which in Stx1A are K83, K84 and E211. The labeled K83 takes on a distinct orientation compared to the labeled
K82, which forms a salt-bridge with E210. Because of the sequence shift and possible subtle changes may be due
to the chemical environment, a local structural difference between Stx1A und Stx1B might be plausible, where
Stx1B’s K83 would be involved in intramolecular interactions towards E210.

To determine if the additional K83E modification altered the structural conformation, possibly
leading to unfolding of Stx1BE210KK&E gnd impacting the protein stability and the interaction towards
Munc18-1, we conducted a detailed analysis using CD spectroscopy. The rescue mutant,
Stx1BE?10KK82E  demonstrated an increased thermal stability with a Tm = 72.96 + 0.18 °C compared
to the epilepsy-relevant Stx1BE2'1%K mutant. This suggests that the additional introduction of the
K82E mutation contributes to enhanced thermal stability (Fig. 4.13 B), C)). Similar to Stx1BE21K,
albeit to a lesser degree, its CD spectrum exhibited a well-defined pattern with distinct minima at
208 nm and 222 nm, characteristic of a predominantly a-helical protein (Fig. 4.13 A)). Conversely,
Stx1BE210KK83E showed a notable shift in the CD spectrum, with both minima at 208 nm and 222
nm displaying an increased ellipticity (Fig. 4.13 A)). This nearly flat trace, almost lacking well
defined peaks suggests a significant reduction in helical content, hinting at potential partial unfolding
and increased fraction of random coils and turns or even aggregation [198, 252, 253]. This reduced
structural consistency was corroborated by a significantly lower thermal stability, with a Tm = 66.65 +
0.35 °C (Fig. 4.13 B), C)).
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Figure 4.12: Representative isothermal titration calorimetry (ITC) profiles of Stx1BE210KK82E = Sty BE210KKE3E gng
Stx1BE210KKKEE titrated against Munc18-1. Top: Heat changes upon ligand injection. Bottom: The integrated power
peaks fitted with a 1:1 model. The derived dissociation constants (Kp) are shown in the bottom right corner of each
panel (x SEM, n = 3). The data were processed and analyzed using MicroCal PEAQ-ITC Analysis Software
(Malvern Panalytics).

In summary, the Stx1B E210K mutation doesn't affect Stx1B's thermostability or its ability to form
SNARE complexes, but it notably diminishes its binding to Munc18-1. Both the pull-down assay

and ITC experiments indicated a reduced Munc18-1 binding for the Stx1BE2'%% and Stx1B-221P

mutants.
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Figure 4.13: CD-spectroscopy investigation of Stx1BE2'X (blue), Stx1BE210KK8E (hrown) and Stx1BE210KKSESE
(orange). 10 uM of each protein was used. A) Far-UV CD spectra depict dominantly helical content in Stx1BE210K
and Stx1BF210KK82E Gy 1BE210KKE3E gxhibits a majorly reduced helicity B) CD melting curves of Stx1BE219K
Stx1BE210KK82E gnd Stx1BE210KKESE recorded at 222 nm, normalized to the maximum value and fitted according to
temperatures of the examined proteins. All three mutants display distinct unfolding pattern leading to different
melting temperatures (full fraction unfold spectra in Appendix Fig. 15). Bar diagram of melting temperatures from
Stx1BE210K Stx1BE210KK82E gnd Stx1BE210KKE3E (+ SEM, n = 3). Stx1BE210KK82E reyealed a significantly higher melting
temperature compared to both Stx1BE2'K (t-test, **p < 0,01, two-tailed) and St1x1BE210KKE3E (t-test, ***p < 0,001,
two-tailed). Stx1BE210KK83E gxhibited the lowest melting temperature, even significantly lower than Stx1BE2'%X (t-test,

*p < 0,05, two-tailed).

the sigmoidal Boltzmann function: y = + A,. Turning point of the function represents the melting
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However, the reduction was particularly pronounced for Stx1BE2'%X highlighting a significant
decrease in affinity for the Stx1BE2'%K mutant. Introducing the rescue mutation, Stx1BE210K.K82E
reinstated the binding affinity to that of wild-type level, emphasizing the crucial role of the ionic bond
between the SNARE motif and the Hapc domain for Stx1B's high-affinity binding to Munc18-1.
Interestingly, exploring the adjacent residue, K83, yielded unexpected results: while Stx1BE210KKKEE
showed a rescue effect similar to Stx1BE210KK82E Sty 1 BE210KKEE completely abolished the binding.
This underscores a potential pivotal role of K83 in Stx1B, which may not be fully apparent from
existing Stx1A crystal structures. CD spectroscopy provided insights into the structural and stability

changes that might account for these altered binding behaviors.

4.5. In vivo expression of human Stx1B patient variants in zebrafish (/)

4.5.1. Expression of human Stx1B patient variants leads to epileptiform activity in wild-
type zebrafish larvae

To investigate the impact of the defective Stx1B mutants in vivo, we utilized zebrafish models to
record and analyze behavioral deviations and developmental abnormalities. Zebrafish (Danio rerio)
stand out as a valuable model in neurobiology, owing to several advantages. Notably, its ease of
breeding and maintenance, high fertility, swift external development, larval-stage transparency, and
the availability of efficient methods for generating genetically modified strains contribute to its
appeal in research [254]. Moreover, zebrafish demonstrate significant physiological and genetic
homology with humans, boasting over 82% of disease-associated genes in humans having
identifiable orthologs in zebrafish [255].

In the realm of epilepsy research, zebrafish offer crucial advantages, including the ability to conduct;
1) high-throughput behavioral analysis through automated video tracking systems, 2) local field
potential (LFP) recordings in both larval and adult stages, 3) in vivo brain imaging utilizing
activity-dependent bioluminescent/fluorescent reporters. Collectively, these characteristics position
zebrafish as a valuable model for investigating epileptogenesis and conducting high-throughput
screenings of compounds with potential antiepileptic or antiseizure properties [254, 256-260].

The Stx1B protein in humans and zebrafish, as well as the Munc18-1 protein, exhibit a remarkable
97% and 87% identity, respectively (Appendix Fig. 16). This high level of similarity positions them
as ideal genetic models for our investigation, utilizing the mutants explored in this study and as it
has been shown before in other studies from Schubert et al. (2014) and Grone et al. (2016) [148,
181].

Using an active Tol2 transposon system, we introduced human Stx1BWT, Stx1B-22'P | Stx1BE21K,
and Stx1BE210KK82E mytants into the zebrafish genome, thereby generating transgenic zebrafish. In
this process, a minimal Tol2 transposon vector was employed, featuring a Her4.1 promoter and two
open reading frames. The first open reading frame encoded human Stx1B, while the latter
contained mCherry, facilitating the monitoring of successful genetic transfer.

(1) The cloning and site-directed mutagenesis to introduce the E210K and L221P point mutations into the
stx1b DNA construct within the minimal Tol2 transposon vector were performed by me. The constructs
were then sent to Dr. Wietske van der Ent (Esguerra Lab, University of Oslo) where the zebrafish
experiments and data acquisition were conducted.
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A p2a-self cleavage site was strategically positioned between both proteins, ensuring that, once
expressed, the bulky fluorescence proteins does not interfere with Stx1B. Terminal inverted repeats
at both ends, recognized by the Tol2 transposase, facilitated the integration into the genomic DNA
of the zebrafish (Fig. 4.14 A)). The minimal Tol2 vector, along with synthetic mRNA encoding the

transposase, was introduced into fertilized eggs through microinjection [244].

A)
54 _Tol2 . Herd.ipromoter, ., hu:Stx1B -+ p2a - mCherry - Tol2 -3

Stx1 BWT Sitx1B L221P Stx1 BE21OK Stx1 BE210K,K82E

- P e RO

Figure 4.14: A) Structure of the minimal Tol2 vector designed for integrating human Stx1B constructs into the
zebrafish genome. The vector includes terminal inverted repeats, a Her4.1 promoter, and two expression cassettes
for the human Stx1B construct and mCherry fluorescence protein, separated by a p2a-self cleavage site. B)
Representative images of larvae injected with human Stx1BWT, Stx1B-?2'P, Stx1BF219K and Stx1BE210KK82E 3 gpf,
The red fluorescence confirms successful DNA incorporation and protein expression, specifically in the brain and
spinal cord (scale bars: 0.5 mm)

At 3 days post-fertilization (dpf), the zebrafish larvae expressing human Stx1B were examined.
They were identified by the red fluorescence caused by co-expressed mCherry, predominantly in
the brain and along the spinal cord (Fig. 4.14 B)). Based on the observed fluorescence, an
approximately equal expression rate can be estimated in all transgenic zebrafish. Furthermore, it
can be stated that all zebrafish appear healthy and exhibit no morphological abnormalities.
Especially the development of the heart and the swim bladder, which are typical criteria, showed
no irregularities.

To explore irregular brain activity, we conducted 20-minute LFP recordings to identify epileptiform
activities and examine the morphology of seizures 5 dpf (Fig. 4.15). Most zebrafish larvae injected
with Stx1BWT exhibited no discharge events and displayed baseline activity almost constantly. Only
a few larvae occasionally displayed ictal or inter-ictal activity in the LFP recordings with relatively
modest amplitudes and short durations (Fig. 4.15). However, these ictal events do not necessarily
have to be attributed to the injected Stx1B"T. Presumably, they are rather an artifact of the
measurement method, as uninjected larvae occasionally also exhibit ictal or interictal events. This
may be more likely due to the trauma caused by electrodes in the brain. All together this indicates
that the insertion and expression of human Stx1B"T have no adverse impact on the zebrafish and
do not affect its neurological and vital functions.

In contrast to the other transgenic zebrafish, larvae expressing Stx1B%2'P displayed the highest

number of ictal discharges within the recorded time frame (Fig. 4.15). The measured epileptiform
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spikes displayed a modest amplitude, approximately three times higher than the baseline and
comparable to Stx1B"T. However, they demonstrated a significantly longer duration, noteworthy
for its distinctive characteristic. These findings imply that Stx1B-?2"® induces mild seizures events
but with a high and regular frequency in zebrafish.

Stx1BE?1%K on the other hand, exhibited markedly fewer discharge events in the zebrafish larvae
within the recorded time frame. Nevertheless, the ictal events were much more pronounced than
in all other mutants and the wild-type, exceeding five times the baseline level (Fig. 4.15). The
captured seizures were so intense that partial overshoots were observed in the LFP recordings
when relaxing back onto baseline level, which also influenced the duration of the seizure events,
making them considerably longer. In some cases, the strong ictal event even led to an aftershock

event, secondary electrical discharges describing an ongoing epileptic activity.

Stx1BWT Stx1BE210K Stx 1 BE210K K82E
* * * *
N ‘;”Wr e Y J——r - iT I ™ 1 =T | 200 s

m{‘w ww%’m g I

Figure 4.15: Representative 600-second LFP recordings of zebrafish larvae injected with Stx1BWT, Stx1B-22'P,
Stx1BF210K and Stx1BE210KK82E gt 5 dpf, illustrating epileptiform activities of varying severity and durations. The
upper portion displays the entire 600-second LFP recording, while the lower portion provides zoomed-in views
labeled with an asterisk. Larvae injected with Stx1BWT exhibit almost no discharge events, whereas transgenic
larvae expressing Stx1B?2'P and Stx1BF?'%K show frequent ictal occurrences, with Stx1BE2'%X evoking stronger
discharges but Stx1B22'" exhibiting them more frequently. The expression of Stx1BE210KK82E prings the LFP
appearance almost back to wild-type levels.

The mutant Stx1BE210KK82E —\which exhibited rescue effects in the in vitro experiments, also
demonstrated a remarkable recovery effect in vivo within transgenic zebrafish larvae. Similar to
Stx1B"T, only a limited number of epileptiform discharges were observed in the LFP recordings,
with the majority of the recording displaying baseline activity (Fig. 4.15). Furthermore, the recorded
ictal events exhibited a low amplitude and short duration, implying that Stx1BE210KK82E
demonstrates a rescuing effect for the zebrafish in terms of neurological function compared to
Stx1BE2'%K nearly restoring it to wild-type levels.

Quantification of the recorded LFP recordings provides a clear overview that supports the stated
findings. When comparing the frequency of seizure events, it is apparent that zebrafish injected
with Stx1B-22'P exhibit, on average, the highest number of seizures within the 20-minute recording,
albeit with a high variance (Fig. 4.16 A)). Larvae with Stx1BE2'%K display a slightly lower average

number of seizure events compared to Stx1B-%?'", but notably more than Stx1B"T and
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Stx1BE210KK82E |nterestingly, it seems that these larvae can be roughly divided into two subsets,
with some showing a high number of epileptiform activities and others showing only a few.

Larvae expressing the claimed rescue mutant Stx1BE219KK82E indeed rescue the average number
of seizure events back to wild-type levels, mostly showing only one seizure event within the
recorded 20-minute time frame.

It is important to note that in this representation with only seizure positive zebrafish, a statistical
comparison with Stx1B"T is not feasible. (This also applies to all plots in Fig. 4.16 A) - C)). This is
because the vast majority of Stx1BWT zebrafish larvae showed no seizure events within the 20-
minute recording period and, therefore, were not included in these graphs. Only one comparison
specimen could be plotted, as it exhibited two epileptiform discharges. The data plots with the
representation of all measured specimens, including those that did not exhibit seizures, can be
found in the appendix (Appendix Fig. 17). There, significant differences between Stx1B"T and the
L221P and E210K mutants are evident; however, no significant difference between the wild-type
and the rescue mutant, as anticipated. Intriguingly, no statistically significant differences in the
average number of seizure events between the L221P and E210K mutants were observed, likely
due to the uneven variance in both data sets.

When examining the average durations of recorded seizure events in zebrafish larvae, all three
mutants, Stx1B-22'P Stx1BE21K and Stx1BE210KK82E 'exhibit no significant differences to each other
but show a descending trend (Fig. 4.16 B)). Surprisingly, larvae expressing Stx1B“??'P have, on
average, slightly longer seizures than those expressing Stx1BE21%, This finding was unexpected,
considering the recorded high amplitudes of the ictal events, suggesting strong seizures that would
imply a longer duration.

However, this observation appears to be somewhat nuanced when incorporating all measured
zebrafish larvae into the statistics, including those without seizures (Appendix Fig. 17). As more
specimens with Stx1B“?2'"P show no seizure events compared to those with Stx1BE?'%K 3 trend
becomes apparent: While many larvae with Stx1B“??'? were recorded not having any seizure
events, when seizures did occur, they happened more frequently within the 20-minute recording
period and lasted longer than in larvae with Stx1BE2'%K. Furthermore, both mutants exhibit a
substantial increase in average durations compared to larvae with Stx1BWT, whereas the rescue
mutant Stx1BE?10KK82E demonstrated an increase as well, but not significantly and also showing a
compensation of the effect of the single E210K mutation.

The average cumulative durations of discharge events within the measured 20 min align with the
previous findings (Fig. 4.16 C)). While larvae with Stx1B"T exhibited the lowest average cumulative
duration, as only one specimen was recorded seizing at all, and only twice, the average cumulative
durations for larvae expressing Stx1B-?2'P and Stx1BE2'%€ were much higher, with L221P seizing

for the longest average total duration.
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Figure 4.16: Quantification of seizure-positive events within 20-minute LFP recordings. A) Incidence of epileptiform
discharge events in larvae expressing different human Stx1B wild-type and mutants. Sample size: Stx1BWYT, n = 1;
Stx1BL21P n = 12; Stx1BF210K n = 13; Stx1BE210KK82E 1 = 7 Statistical analysis between WT and mutants is not
feasible due to the natural occurrence of a low sample size of WT. A significant difference between Stx1B52'%% and
Stx1BE210KK82E as observed (Mann Whitney-test, U = 18.5, *p < 0.05, two-tailed). B) Mean duration of discharge
events in the measured zebrafish larvae (sample size similar to A)). C) Cumulative duration of epileptiform events
in the measured zebrafish larvae. Stx1BE?10KK82E exhibited a substantial reduction in the overall seizing time
compared to the other mutants (sample size similar to A)).

As hinted earlier, the expression of Stx1BE210KK82E jn the larvae led to a pronounced rescue by
significantly reducing the average cumulative duration of epileptiform discharges. The same trend
is evident when including all measured larvae, even those that did not exhibit seizure events. In
this case, a significant difference between the wild-type and the mutants L221P and E210K was
observed, while Stx1BE210KK&E showed no significant difference and was rather similar to the wild-

type, as anticipated.

4.5.2. Human Stx1B"T, Stx1B"??"" and Stx1BF21%€K82E partially rescue zebrafish
Stx1B-null larvae

To evaluate the ability if human Stx1B (wild-type and mutants) could rescue the loss of zebrafish
Stx1B, a zebrafish line was used where endogenous Stx1B was mutated to contain an early stop
codon, leading to nonsense-mediated decay (nmd). In offspring from this line, given the
heterozygous background, approximately 25% of the larvae were homozygous with nmd of stx7b,
resulting in dysfunctional Stx1B. Phenotypically, this resulted in hyperpigmented larvae with absent
muscle activity. About 50% had a heterozygous background, possessing only half the amount of
functioning endogenous Stx1B compared to normal. These larvae were indistinguishable from the
remaining 25% of larvae with a wild-type background with the normal amount of functioning
endogenous Stx1B. To evaluate sensory processing and motor responses, touch response
experiments were conducted at 3 dpf using zebrafish larvae from a heterozygous line, transiently
expressing human Stx1B wild-type or mutant (Fig. 4.17).

Each experiment involved three to five populations, and each population comprised at least 35
individual larvae. The averages of touch responses within each population were plotted, further
averaged, and subsequently compared.

For wild-type zebrafish larvae without genetic modification, all exhibited touch responses (Fig. 4.17).

83



1 00 - “ Xy *kk ns *%

@
2 o
[2]
s 807 oo,
& | ()
o
S 60-
>
2
= .
2
©
b .
o
S 204
=X
0
nmd Zebrafish Stx1B - + + + + +
Human Stx1B - - WT L221P E210K E210K K82E

Figure 4.17: Proportion of touch response within three to five zebrafish larvae populations, each comprising of at
least 35 individuals (3 dpf). These populations were derived from a heterozygous zebrafish line with endogenous
Stx1B, resulting in a mixed genetic background concerning the homology and heterology of Stx1B. Approximately
25% of the larvae had a homologous background with Stx1B nonsense-mediated decay (nmd), 50% had a
heterologous background of endogenous Stx1B, and another 25% had a homologous background with a normal
amount of endogenous Stx1B. The average proportion of touch response was calculated for each population, and
the averages were further combined across populations before being plotted. In wild-type zebrafish larvae
populations without endogenous Stx1B nmd or injected human Stx1B, all displayed touch responses. In line with
the crossbreeding scheme, only about 75% of zebrafish showed touch response. This proportion was significantly
increased when human Stx1BWT, Stx1B-22'P or Stx1BE2'0KK82E was additionally injected (significances were
calculated against the expected observation of 75% with touch response, binomial exact test, ****p < 0.0001,
***p < 0.001, **p > 0.01). Injection of Stx1BF2'X showed no significant difference.

Zebrafish larvae from the described heterozygous line exhibited a touch response in approximately
75% of cases, which was expected since around 25% of the larvae were homozygous for
nonsense-mediated decay of Stx1B, leading to the loss of touch response in that group. When
injected with human Stx1B"T, this loss of motor sensory function was partially compensated,
resulting in 87.3% showing touch response, suggesting a significant increase in touch response.
This indicates that the injected human Stx1B"T replaces the function of the endogenous Stx1B (Fig.
4.17).

Interestingly, the expression of Stx1B-?2'"" resulted in 91.2% of the larvae displaying a touch
response, indicating that this mutant retains enough activity to partially compensate for the lack of
endogenous Stx1B protein, performing even slightly better than Stx1B"“T. Yet, the difference is
minor and not statistically significant.

Injection with Stx1BF?'9K on the other hand, showed no compensational effect; instead, it
decreased the average number of larvae per population exhibiting touch response. This effect of
Stx1BE?1%K was partially rescued by Stx1BE210KK82E 'tq gbout 80.9% showing touch response, albeit

with a broad dispersion (Fig. 4.17).
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In summary, the investigation into the impact of defective Stx1B mutants in vivo, utilizing zebrafish
models, revealed diverse behavioral and developmental outcomes. Through an active Tol2
transposon system, successful introduction of human Stx1BWT, Stx1B-22'P Stx1BEF?19K  and
Stx1BE210KK82E mutants into zebrafish genomes was achieved, confirmed by the observed
fluorescence from the coupled mCherry expression. At 3 dpf, transgenic zebrafish larvae exhibited
normal development with no morphological abnormalities.

Zebrafish wild-type larvae injected with Stx1BWT displayed no adverse effects, maintaining normal
LFP recording patterns and behavior. Moreover, there was a reduction in the average number of
larvae showing no touch response in an Stx1B-null background, suggesting that the expressed
human Stx1B"T counteracts nonsense-mediated decay.

Stx1B“??'P induced the highest number of ictal discharges within the recorded time frame, with
epileptiform spikes displaying modest amplitudes and longer durations, indicating mild seizures
occurring at a high and regular frequency. Counterintuitively, Stx1B-??'P increased the number of
larvae with a touch response in the zebrafish stx7b mutant line. This suggests that this mutant
retains enough functional activity to partially compensate for the loss of functional endogenous
Stx1B protein, performing at a level comparable to Stx1B"T.

The discrepancy between Stx1B-22'P inducing high numbers of ictal discharges but improving the
touch response can be explained by the different neuronal circuits involved. The touch response is
a simple reflex driven by sensory and motor neurons (Rohon-Beard neurons and trigeminal sensory
neurons), which may be less affected by synaptic dysregulation compared to the more complex
circuits responsible for ictal discharges. Stx1B'?2'P likely impairs neurotransmitter release in
higher-order neurons, leading to seizures, but still allows sufficient function in basic motor circuits
to maintain the touch response. Additionally, different neuron types may have varying sensitivities
to the mutation, with motor neurons being more resilient. Thus, while Stx1B-22'" disrupts complex
brain functions, it can still support basic sensorimotor activity.

Larvae expressing Stx1BE2'K exhibited fewer discharge events but with significantly stronger and
intense seizures, even triggering aftershock events. Furthermore, Stx1BE2'% mildly increased the
proportion of larvae with no touch response, indicating motor sensory dysfunctions.

Rescue effects were evident with the expression of Stx1BE210KK&E Transgenic larvae displayed
limited epileptiform discharges similar to Stx1B"T, with low amplitude and short duration, indicating
a rescuing effect on neurological functions. Additionally, cumulative durations of seizures were
significantly reduced, nearly restoring to wild-type levels. Stx1BE210KK8E partially rescued the

worsened touch response of Stx1BE21%X but did not fully restore wild-type levels.
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4.6. NMR characterization of the Syb2 binding to the Munc13-MUN domain

4.6.1. C-terminal JMD of Syb2 responsible for binding to Munc13-MUN

Having closely examined the formation and interaction of the SNARE complex, particularly focusing
on the influence of mutations of Stx1B, also towards Munc18-1, and the physiological implications,
we only covered one part of the synaptic vesicle fusion machinery. While Munc18-1 and the SNARE
proteins are crucial for the eventual SNARE complex formation and the affiliated vesicle fusion,
Munc13-1 and, notably, its MUN domain, is equally essential for the catalyzation of this reaction
overcoming autoinhibitory modes, and coordinating the reaction.

While the peripheral C4, C2B and C,C domains are primarily responsible for tethering the vesicle
membrane to the presynaptic membrane, it is the MUN domain, that is thought to catalyze the
opening of the autoinhibitory binding mode of the closed conformation of Stx1B and Munc18-1,
facilitating subsequent SNARE complex formation.

Recently, studies have demonstrated that the MUN-domain can bind a C-terminal region of Syb2,
making the interaction between Syb2 and Munc13-MUN a vital bridge between participants in
SNARE complex formation from the vesicle membrane side and those from the presynaptic side
[123, 127].

To delve deeper into the Syb2 and Munc13-MUN interaction, we utilized nuclear magnetic
resonance (NMR) spectroscopy. This technique offers the ability to analyze peptides or proteins,
providing detailed information about individual residues down to atomic resolution. NMR
spectroscopy unveils the structural flexibility and dynamics of proteins, allowing the exploration of
side-chain motions, backbone dynamics, and consequential conformational changes pivotal for
comprehending protein function and interactions. As such, NMR spectroscopy yields invaluable
insights into protein structure, ligand binding, and potential interactions with other molecules.

A compelling instance of structural changes uncovered through NMR spectroscopy is the unfolding
of Stx1B’s Hanc domain triggered by alterations in the amino acid sequence resulting from the
InDel mutation, as demonstrated in our previous study (Appendix Fig. 18). In the two-dimensional
"H-"®*N-HSQC spectrum of the '°N-labeled Stx1B-Han:VT domain, we observed a well-resolved
cross-peak dispersion with uniform cross-peak intensities, suggesting a well-folded protein
conformation. However, in the spectrum of the 'N-labeled Stx1B-Han'"P®' variant, the
corresponding cross-peaks shifted towards the center of the spectrum and we noted a narrower
cross-peak dispersion, leading to considerable overlap in the middle of the spectrum, characteristic
of an unfolded or intrinsically disordered protein (IDP) state (Appendix Fig. 18 A)) [178, 261]. This
was corroborated by CD spectroscopy, which revealed a significantly reduced helicity and thermal
stability of Stx1B-Hanc'"P® variant compared to the wild-type counterpart (Appendix Fig. 18 B), C))
[178].

The "H-"SN-HSQC spectrum of a '>N-Syb2 construct (1-96), spanning the cytosolic region, shows
the characteristics of an intrinsically disordered protein. Notably, the spectrum displays a narrow

cross-peak dispersion with numerous overlaps in the center. Furthermore, the cross-peak
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intensities vary considerably, indicative of a disordered protein state, as anticipated for Syb2 and
shown in studies before [108, 110, 262]. Only a few cross-peaks, assigned to the C-terminal JMD,
displayed a wider distribution, suggesting that this region possesses some level of structure
(Fig. 4.18). The overall intrinsically disordered structure can be attributed partially to the numerous

prolines within the amino acid sequence, especially in the N-terminal region.
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Figure 4.18: A) 'H-"SN-HSQC spectrum of '*N-labeled Syb2"T (1-96), measured at 300 K, pH 7.1 with 64 scans,
revealing limited cross-peak dispersion, characteristic of an IDP. Out of 88 cross-peaks, only 26 could be
unequivocally assigned. Assignments were taken from BMRB entry 16514 [110]. B) "H-'>*N-HSQC spectrum of
5N-labeled Syb2 (1-96), measured at 300 K, pH 7.1 with 160 scans, resulting in more and clearer cross-peaks and
enabling the assignment of additional peaks, specifically 33 out of 88. C) "H-"SN-HSQC spectrum of '*N-labeled
Syb2 (1-96), measured at 280 K, pH 6.0 with 40 scans, significantly improved the spectrum’s quality while also
reducing the measurement time, allowing for the unambiguous assignment of 42 out of 88 cross-peaks. D) NMR
structure of Syb2 (PDB: 2KOG, residues 1-96). Assigned regions highlighted in yellow, while unassigned regions
appear in grey.

To identify the recorded cross-peaks, we transferred the assignments from Koo et al. (2011) [262].
It is worth noting that the eight prolines of Syb2 do not appear as cross-peaks in a 'H-'">N-HSQC
spectrum but both tryptophan appear as two distinct peaks due to the additional NH-group in
tryptophan’s indole side chain. However, we were able to unambiguously transfer the assignments

for only 26 out of 88 assignable cross-peaks due to peak overlap or low signal intensity

(Fig. 4.18 A)). To enhance the spectrum's quality and achieve higher resolution to detect more
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distinct cross-peaks, we increased the number of scans from 64 to 160. Consequently, both cross-
peak intensities and resolution improved, enabling us to assign more peaks through assignment
transfer, specifically 33 out of 88 (Fig. 4.18 B)).
To ensure that the measurement time remained within a reasonable timeframe, particularly when
multiple runs were necessary for a comprehensive analysis, we pursued an alternative approach
to optimize spectrum quality. This involved lowering the temperature from 300 K to 280 K and
adjusting the buffer pH from 7.1 to 6.0. These adjustments aimed to minimize exchange broadening
with solvent protons and reduce structural dynamics, thus enhancing spectrum quality [261].
Strikingly, despite a lower number of scans, the spectrum exhibited significantly enhanced
resolution, with sharper and more distinct cross-peaks. This improvement facilitated a more precise
assignment transfer, enabling us to assign 42 out of 88 cross-peaks (Fig. 4.18 C)).
Although the assigned cross-peak count is modest with 47.7%, the coverage spans the entire
amino acid sequence adequately, as we've obtained assignments from all regions of the protein
(Fig. 4.18 D)). Furthermore, in light of our expectation of interactions, particularly towards the MUN
domain of Munc13-1, primarily involving the C-terminus, a region well-represented in our
assignments, we have progressed to undertake further analysis. Specifically, our focus has shifted
towards a more intricate examination of the interaction with Munc13-MUN through the
implementation of a titration experiment. Upon the addition of Munc13-MUN, we observed gradual
cross-peak broadening of the C-terminal region of '®*Syb2. This decrease in peak intensity persists

until the peaks are entirely obscured at a 1:2 molar ratio, strongly implying an interaction between

JMD of Syb2 and Munc13-MUN (Fig. 4.19).
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Figure 4.19: 'H-"SN-HSQC spectra of '°N-labeled Syb2"T (1-96), acquired at 280 K and pH 6.0 with 40 scans,
reveals primarily dispersed cross-peaks corresponding to Syb2's JMD, indicative of its structured nature (see inset).
Notably, under the addition of increasing concentrations of Munc13-MUN, these cross-peaks experience significant
line broadening, a phenomenon that amplifies with higher Munc13-MUN concentrations (full-scale spectra can be

found in Appendix Fig. 19).
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Observing cross-peak broadening, rather than distinct shifts, hints at a slow to intermediate
exchange rate, possibly reflecting similar kinetics between binding and dissociation and the
associated chemical shift alterations. Consequently, instead of clear cross-peak shifts, we observed
cross-peak broadening. This broadening occurs because the NMR signal averages over both
bound and unbound states, making differentiation challenging [263]. Moreover, the binding of the
relatively small '*N-labeled Syb2 to the considerably larger MUN domain of Munc13-1 can further
magnify the broadening effect. As the size of the complex increases compared to the isolated
5N-labeled protein, structural flexibility and dynamics decrease within the complex, consequently
altering signal intensity for the labeled protein. In some instances, binding can induce overall
broadening of NMR signals for stably folded proteins exhibiting a rigid conformation. However,
cross-peaks originating from flexible regions may largely remain unaffected if they are not involved
in binding, as internal motions generate very sharp resonances for flexible regions regardless of
molecular size [263].
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Figure 4.20: Quantification of relative cross-peak intensities (I/lo) upon the addition of increasing concentrations of
Munc13-MUN highlights substantial cross-peak broadening exclusively in the C-terminal JMD of Syb2, which
intensifies with higher concentrations of Munc13-MUN. In contrast, the relative intensities of the N-terminal residues
remain largely unaffected. Detailed diagrams illustrating these relative intensities under the addition of higher
concentrations of Munc13-MUN can be found in Appendix Fig. 20. A grey dashed line indicates the cut-off,
calculated as the average of relative peak intensities minus the standard deviation. Relative intensities below this
threshold denote significant cross-peak broadenings.

Indeed, when quantifying relative cross-peak intensities, the signal intensities of the N-terminal part
remain largely unaffected, staying close to a relative intensity of 1.0 and only a slight and
unsignificant reduction in the overall intensity was observed. This suggests that the N-terminal
region is largely unaffected by binding and is likely not involved in the binding interaction, remaining
unbound and flexible (Fig. 4.20). In contrast, the C-terminal part, precisely the JMD, shows a
significant reduction in relative peak intensity, which becomes increasingly pronounced with higher
concentration of Munc13-MUN (Fig. 4.20).
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Especially the central region of the JMD, around residues K87 to N92, is affected by cross-peak
broadening, indicating that these residues are particularly involved in the binding of Syb2 to the
MUN domain. This is consistent with the results of Wang et al. (2019), who co-crystallized a C-
terminal Syb2 peptide (Residues 75-92) with the MUN domain [123]. There, the residues between
K87 and N92 were, with high electron density, well resolved as a short, almost a-helical peptide,
which binds into a small hydrophobic pocket in the C-terminal part of the MUN domain through the
two tryptophan residues W89 and W90 [123]. The remaining residues could not be resolved due to
insufficient electron density, suggesting high flexibility in these regions, likely because they are not
or only insignificantly involved in the binding process. This correlates with our results, which reveal
that the N-terminal residues do not display line broadening, suggesting that they are unlikely to be
involved in Munc13-MUN binding, independent of the added concentration, and instead
demonstrate high flexibility (Appendix Fig. 20).

An exception to this is serine at position 80, which exhibits significant peak broadening when higher
concentrations of Munc13-MUN are added. This suggests that this residue, likely due to its polar
side chain, participates in binding to the MUN domain, albeit to a lesser extent than the central JMD
region. The binding of serine-80 may not be nonspecific, as this side chain is part of a short
hydrophilic stretch (residues 78-80) of Syb2, which could potentially interact with a polar patch of
Munc13-MUN, which are generously distributed across the MUN domain [123]. Unfortunately, the
lack of assignments for residues 78 and 79 prevents us from providing detailed cross-peak

broadening analysis for these residues.

—+— 80Ser .
=— 83Lys 1.0
—o—84Leu
86Arg >

4 87Lys 7]
v— 88Tyr S
89Trp =
90Trp —
91Lys 8
N

©

E

-

@]

=z

—+—92Asn
*—93Leu
* 96Met

K, = 4.0 £ 0.35 yM

Normalized intensity

_ — —3

T 1 1 T G T T 1 1 T T 1 1

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Munc13-MUN Concentration (uM) Munc13-MUN Concentration (M)

Figure 4.21: A) Plots of normalized intensities at each Munc13-MUN concentration for residues exhibiting notable
line broadening upon Munc13-MUN addition. Intensities were normalized to their respective maximum values.
B) The relative intensities were averaged, plotted, and fitted using a standard one-to-one protein-ligand binding

model with the function y = ;_T’; to calculate Kb, resulting in 4.0 £ 0.35 yM.

The hydrophobic alanine at position 82, on the other hand, does not appear to be involved in the
interaction with Munc13-MUN, as the peak intensity of this side chain shows hardly any indication
of cross-peak broadening. This observation likely extends to A81 as well; however, the lack of

assignment for this residue prevents us from making a definite statement about its involvement.
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To assess the binding affinity of the measured Syb2 construct towards the MUN domain of
Munc13-1, we determined the relative peak intensities for every individual residue which showed
significant cross-peak broadening along the increasing concentration of Munc13-MUN. We then
calculated the average intensity for each concentration point and fitted the data using a standard
one-to-one protein-ligand binding model (Fig. 4.21).

The overall fitting of the significantly line broadened cross-peak intensities resulted in a Kp-value

of 4.0 £ 0.35 uM, suggesting a moderate binding affinity of Syb2 towards Munc13-MUN.

4.6.2. Tryptophane residues of Syb2 C-terminal JMD critical for Munc13-MUN interaction

To deepen our understanding and lay the groundwork for future complex engineering, we closely
examined the interaction between the two protein constructs. Given that the two tryptophan
residues, W89 and W90, at the core of Syb2's JMD, experience significant line broadening,
indicating their likely importance for binding to the hydrophobic pocket of Munc13-MUN, we
conducted NMR experiments with alanine mutations introduced to each tryptophan individually and
to both simultaneously to assess their impact on binding.

In general, the "H-"SN-HSQC spectrum of Syb2"8A exhibited no significant changes in the overall
cross-peak dispersion compared to the wild-type, suggesting that the substitution of alanine for
tryptophan does not alter the overall structure of Syb2 (Fig. 4.22 A)). However, the altered
sequence led to changes in the chemical environment of residues near the mutation site, resulting
in notable cross-peak shifts for some JMD residues towards the center of the spectrum. This
indicates that the modest level of structure originally present in the JMD was affected. Moreover,
these peak shifts hindered clear peak reassignment, prompting us to label the newly emerged
peaks as 97-100 (Fig. 4.22 A), B)).

The addition of 40 uM Munc13-MUN resulted in significant line broadening of the cross-peaks
corresponding to the C-terminal JMD for Syb2W8A indicating that binding is still possible.
Comparing the relative extent of cross-peak broadening to wild-type Syb2 under the addition of
40 yM Munc13-MUN, however, the data suggest that binding was weakened. The N-terminal part
remained largely unaffected, as relative changes in cross-peak intensity were insignificant and
remained close to 1.0 (Fig. 4.22 B)).

A similar spectrum and relative intensity profile can be observed for Syb2"V*°A upon the addition of
40 yM Munc13-MUN (Fig. 4.23 A)). The cross-peak dispersion remained narrow, and several
cross-peaks corresponding to the C-terminal JMD shifted towards the center of the spectrum,
making clear reassignment challenging. Interestingly, the remaining cross-peaks of the JMD
exhibited diminished clarity and began to overlap with each other, indicating a relaxation of the

preexisting structure in the wild-type.
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Figure 4.22: "H-">N-HSQC spectra of Syb2"8A (20 uM) before (green) and after the addition of Munc13-MUN
(40 pM, violet). The altered sequence at the JMD causes changes in chemical environments, resulting in peak shifts
and making distinct assignments challenging, leading to the numbering of peaks instead. Line broadening was
observed for the cross-peaks in the region corresponding to Syb2’s JMD. B) Quantification of relative cross-peak
intensities (I/lo) upon the addition of Munc13-MUN reveals significant cross-peak broadening in the C-terminal JMD
of Syb2W8A Newly emerged and numbered cross-peaks, likely representing residues of the JMD as well, also
demonstrate significant line broadening. A grey dashed line indicates the cut-off, calculated as the average of
relative peak intensities minus the standard deviation. Relative intensities below this threshold denote significant
cross-peak broadenings.

The N-terminal part remained largely unaffected by the addition of the MUN domain, showing no
significant cross-peak broadening, only a slight general decrease in relative intensity, possibly
attributable to the overall increase in complex size. Only the C-terminal cross-peaks exhibited
significant line broadening, suggesting that binding to Munc13-MUN through the JMD is still
maintained (Fig. 4.23 B)). However, upon comparing the relative peak intensities of the C-terminal
region for Syb2WA to those of Syb2W8%A we observed that cross-peak broadening is less
pronounced, indicating a weaker binding of Syb2"V%°A to Munc13-MUN compared to Syb2V8%A This
suggests that the tryptophan at position 90 plays a more crucial role in the binding than the
tryptophan residue at position 89.
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Figure 4.23: 'H-'"*N-HSQC spectra of Syb2W%4 (20 uM) before (mint) and after the addition of Munc13-MUN
(40 uM, pink). The altered sequence at the JMD causes changes in chemical environments, resulting in peak shifts
and making distinct assignments challenging, leading to the numbering of peaks instead. Cross-peaks of the JMD
exhibited diminished clarity and began to overlap with each other. B) Quantification of relative cross-peak intensities
(I/1o) upon the addition of 40 uM Munc13-MUN indicates considerable cross-peak broadening in the C-terminal JMD
of Syb2W90A Only two of the newly emerged and numbered cross-peaks, presumably representing residues of the
JMD, also exhibit significant line broadening. A grey dashed line indicates the cut-off, calculated as the average of
relative peak intensities minus the standard deviation. Relative intensities below this threshold denote significant
cross-peak broadenings.

Substantial disruption of binding was only observed when both tryptophan residues were
substituted by alanine in Syb2"WWAA" The 'H-SN-HSQC spectrum for this construct closely
resembles that of both Syb2V8A and Syb2"9°A (Fig. 4.24 A)). Upon addition of 40 yM Munc13-
MUN, the relative cross-peak intensity remained close to 1.0 for nearly all parts of Syb2WWAA
indicating minimal line broadening (Fig. 4.24 B)). Only a few cross-peaks in the C-terminal region
exhibited slight, albeit significant, line broadening, suggesting that binding, albeit very weak, is still
occurring. This could possibly be attributed to the earlier discussed interaction of Syb2 with the
polar patch of Munc13-MUN, potentially allowing for a very weak interaction between Syb2 and the
MUN domain. Interestingly, one newly emerged peak could be identified and numbered. More new

peaks were not found, possibly due to overlap of the newly emerged peaks with the existing signals.
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Figure 4.24: A) 'H-"SN-HSQC spectra of Syb2"WWAA (20 uM) before (dark-green) and after the addition of
Munc13-MUN (40 uM, purple). The altered sequence at the JMD causes changes in chemical environments,
resulting in peak shifts and making distinct assignments challenging, leading to the numbering of peaks instead. B)
Quantification of relative cross-peak intensities (I/lo) upon the addition of 40 yM Munc13-MUN reveals only minor
or negligible line broadening of the C-terminal cross-peaks corresponding to Syb2's JMD. Cross-peaks
corresponding to the N-terminal part of Syb2 remain largely unaffected by the addition of Munc13-MUN. A grey
dashed line indicates the cut-off, calculated as the average of relative peak intensities minus the standard deviation.
Relative intensities below this threshold denote significant cross-peak broadenings.

Summarizing the results, Syb2 binds to the MUN domain of Munc13-1 through its C-terminal JMD
with moderate binding affinity. The two tryptophan residues located in the center of the JMD, along
with the directly neighboring residues, play a crucial role in the binding process, as evidenced by
their significant line broadening with increasing addition of Munc13-MUN and the mutational
analysis. Serine at position 80 also exhibits notable line broadening, possibly due to its involvement
in a hydrophilic stretch of Syb2, which may interact with a polar patch of Munc13-MUN.

Individually, each tryptophan residue is capable of sustaining the binding of Syb2 to the MUN
domain of Munc13-1, albeit to a lesser extent compared to both tryptophan together. Additionally,
it appears that tryptophan at position 90 plays a more pivotal role in binding than the tryptophan at
position 89, as evidenced by the significantly reduced cross-peak broadening observed for

Syb2W0A compared to Syb2"8%  indicating weaker binding of Syb"9A compared to Syb2W&%A,
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Alanine substitution of both tryptophan residues resulted in greatly reduced line broadening,
indicating the abolition of binding.

The N-terminal part does not appear to be involved in the binding of Syb2 to Munc13-MUN, as
indicated by the absence of line broadening or peak shifting in the cross-peaks, suggesting

unrestricted internal movement of the N-terminal part of Syb2.

4.6.3. The C-terminal JMD of Syb2 shows weak binding to Munc18-1

In the context of the synaptic vesicle fusion site, the interaction between Syb2 and Munc13-MUN
facilitates a close alignment with the Stx1:Munc18-1 complex situated on the presynaptic
membrane. This alignment enables the subsequent formation of the template complex, where
Munc18-1 binds both Stx1 and Syb2 [122, 264]. Investigations of the binding between Munc18-1
and Syb2, conducted by us and others, have revealed that the interaction is primarily mediated by
the C-terminal part of Syb2, as indicated by cross-peak broadening (Appendix Fig. 21 A), B)) [127].
Interestingly, the affected peaks partially coincide with the same region of Syb2 that has been
identified as crucial for binding to the MUN domain of Munc13-1 [127]. This could suggest two
possibilities: either the JMD exhibits promiscuity, and binding of that region to both Munc13-1 and
Munc18-1 is nonspecific, or a handover mechanism occurs during the formation of the template
complex. In this scenario, Syb2 initially binds to Munc13-MUN and is then positioned until it is
transferred and binds to Munc18-1. The fact that the peak for W89 is more broadened than the
peak for W90 during the binding of Syb2 to Munc18-1, while the opposite is observed during the
binding of Syb2 to Munc13-MUN at comparable concentration ratios, suggests that the binding
could potentially occur simultaneously (Fig. 4.20 and Appendix Fig. 21). Assuming the angled
positions of the residues in an alpha-helix relative to each other, it is possible that Syb2 is bound
by two different proteins from two sides at the same region. In addition to the cross-peaks of the
JMD being affected by line broadening, however, some of the cross-peaks of the SNARE motif also
exhibit a notable decrease in intensity, although not significant, suggesting a weak interaction of
the SNARE motif of Syb2 with Munc18-1 (Appendix Fig. 21 B)). Additionally, there were no notable
cross-peak shifts observed across the spectrum following the addition of Munc18-1 but only
cross-peak broadening, indicating a slow to intermediate exchange rate.

Conversely, these measurements have only been conducted with the addition of Munc18-1 alone.
However, in the context of synaptic vesicle fusion, Munc18-1 is known to form a complex with Stx1
on the presynaptic membrane before forming the template complex in which Syb2 binds to
Munc18-1. Therefore, we investigated the interaction of Syb2 with the Stx1B:Munc18-1 complex
(Fig. 4.25 A), B)). Due to the tendency of Munc18-1 to aggregate during purification, we had to
maintain a lower concentration for these measurements, with both the Stx1B:Munc18-1 complex
and Syb2 set at a concentration of 10 uM. To compensate for that, we extended the measurement
time from 40 scans to 160 scans.

Similar to observations with the addition of Munc13-MUN, significant line broadening occurred for

the cross-peaks corresponding to the JMD. However, there was no notable relative intensity
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decrease for the SNARE motif compared to measurements with only Munc18-1. Interestingly,
cross-peak broadening in the JMD was notably reduced compared to when Munc18-1 was added
alone, even at a higher concentration ratio (2:1 Syb2:Munc18-1 shows more JMD broadening
compared to 1:1 Syb2:(Munc18-1:Stx1B), Fig. 4.25 and Appendix Fig. 21). This suggests that
Syb2 binding to Munc18-1 might be enhanced without Stx1B present.

Although no significant cross-peak shifts were observed, a generally stronger relative intensity
decrease for Syb2 was noted, expected due to the increased complex size compared to the
5N-labeled protein, albeit less pronounced than with Munc13-MUN [263].
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Figure 4.25: A) 'H-'>SN-HSQC spectra of Syb2"WT (10 uM) before (yellow) and after the addition of the
Stx1BWT:Munc18-1"T complex (10 uM, light-blue). No significant cross-peak shifts were observed, but rather
cross-peak broadening, particularly evident for the cross-peaks corresponding to the JMD of Syb2WT. B)
Quantification of relative cross-peak intensities (I/lo) of Syb2"T upon the addition of 10 pM Stx1B"T:Munc18-1WT
complex reveals overall decrease of the cross-peak intensities and significant line broadening in the C-terminal
JMD of Syb2. A grey dashed line indicates the cut-off, calculated as the average of relative peak intensities minus
the standard deviation. Relative intensities below this threshold denote significant cross-peak broadenings.
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Figure 4.26: A) 'H-"SN-HSQC spectra of Syb2"WT (10 uM) before (yellow) and; after the addition of the
Stx1BY21%E:Munc18-1"T complex (10 uM, blue); after the addition of the Stx1B"“T:Munc18-1P328K complex (10 pM,
teal); after the addition of the Stx1BWT:Munc18-1P335A complex (10 uM, sky-blue). None of the recorded spectra
exhibit significant differences compared to the Syb2"T spectrum in terms of cross-peak dispersion and peak
characteristics. Only cross-peak broadening is observed for the peaks corresponding to the JMD of Syb2. B)-D)
Quantification of relative cross-peak intensities (I/lo) upon the addition of; B) 10 uM Stx1BY2'6&:Munc18-1"T complex;
C) 10 uM Stx1B"T:Munc18-1P326K complex, D) 10 uM Stx1BWT:Munc18-1P33%A complex. Diagrams depict an overall
decrease in cross-peak intensity, with the least pronounced decrease observed for the Stx1BY2'6E:Munc18-1WT
complex and the most pronounced for the Stx1B"“T:Munc18-173354 complex. Significant cross-peak broadening is
evident upon the addition of all three mutant complexes, with the least significant broadening observed for the
addition of the Stx1BY2'%E:Munc18-1"T complex and the most significant for the addition of the
Stx1BY“T:Munc18-1P335A complex. A grey dashed line indicates the cut-off, calculated as the average of relative peak

intensities minus the standard deviation. Relative intensities below this threshold denote significant cross-peak
broadenings.
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As we did not gain sufficient insight into the binding of Syb2 to the Stx1B:Munc18-1 complex, we
tried to enhance the binding of Syb2 to Munc18-1 by inducing the unfolding of the furled loop of
Munc18-1, thereby exposing the binding region for the SNARE motif of Syb2. This would allow
Syb2 to align next to the SNARE motif of Stx1, forming the template complex [69, 124, 142]. To
achieve this, we introduced various mutations on both Munc18-1, including Munc18-1°326K and
Munc18-1P33%A and on Stx1B, such as Stx1BV2'6&  as previously proposed and employed in other
studies [69, 141, 178].

When repeating the measurements with the Stx1BY2'6:Munc18-1 complex, cross-peaks of the JMD
exhibited significant line broadening yet again (Fig. 4.26 A), B)). Additionally, the previously
observed general relative intensity decrease was further enhanced (Fig. 4.26 B)). However, a
distinct relative intensity-decrease for the cross-peaks corresponding to the SNARE motif was still
not apparent.

This trend continued further for the measurements with Stx1B:Munc18P326K and Stx1B:Munc18P335A
(Fig. 4.26 A), C) and D)). While line broadening for the cross-peaks of the JMD indeed became
increasingly pronounced, no significant changes were observed for the SNARE motif region.
However, overall, the relative intensity decreased more strongly, particularly evident in the
interaction of Syb2 with Stx1B:Munc18P33A (Fig. 4.26 C), D)). This suggests that the introduction
of different mutations might have enhanced the overall binding of Syb2 to the Stx1B:Munc18-1
complex to a certain degree, but it does not provide a definitive answer regarding the exact binding

regions, especially in regards of the SNARE motif of Syb2, apart from the JMD.
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Figure 4.27: Relative intensities of Syb2 in interaction with the mutant complexes set in relation to the relative
intensities of Syb2 in interaction with the Stx1B“WT:Munc18-1"T complex. While the interaction of Syb2 with the
Stx1B"T:Munc18-1P3354 complex exhibited a notable decrease in intensities, particularly for the N-terminal residues
and the residues corresponding to the C-terminal JMD, there were no distinct differences observed in the interaction
of Syb2WT with the Stx1B“T:Munc18-1P326K complex, except for an overall reduction in cross-peak intensity.
Conversely, Syb2's interaction with the Stx1BVY2'%E:Munc18-1WT complex appeared diminished compared to the
interaction with the wild-type complex, as indicated by relative intensity values exceeding 1.0, especially in the C-
terminal JMD of Syb2.

Strikingly, upon comparing the relative intensities of Syb2 between the addition of the wild-type
complex and the addition of the mutant complexes, it was notable that the cross-peak broadening

of the JMD of Syb2 was significantly reduced in the measurements with Stx1BY2'6E:Munc18-1. This
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is evidenced by the relative intensity values associated with the JMD, resulting in a value greater
than 1.0 (Fig. 4.27). For the measurements with the Stx1B:Munc18-1P326K complex, only slight
reductions were observed, whereas with the Stx1B:Munc18P33%A complex, cross-peak broadenings
were significantly pronounced (Fig. 4.27).

These results suggest that the interaction of Syb2 with the Stx1B:Munc18-1 complex is significantly
enhanced only by the introduction of the Munc18-1733%A mutation. However, interaction is reduced
when the Stx1BV216E mutation is introduced compared to the wild-type complex.

In conclusion, the C-terminal JMD region of Syb2 primarily engages with Munc18-1, yet this region
also overlaps with the crucial binding site for Munc13-MUN, implying a potential promiscuity or
handover mechanism during complex formation, possibly with a simultaneous binding of Munc18-
1 and Munc13-MUN to Syb2. Furthermore, while a slight cross-peak broadening in the SNARE
motif was evident in 'N-Syb2 measurements with Munc18-1 alone, this effect was not consistently
observed in interactions with the Stx1B:Munc18-1 complex. Moreover, the binding of Syb2 to
Munc18-1 significantly increased when Stx1B was present, as indicated by more pronounced line
broadening. Inducing the unfolding of Munc18-1's furled loop enhances Syb2 binding, notably with
the Munc18-1P33%A mutation. However, Stx1BV2'6E diminishes binding of Syb2 to the

Munc18-1:Stx1B complex.

4.7. Structural analysis of the SNARE complex formation machinery via XL-MS

While NMR provided detailed insights into the binding interfaces and structural behavior of Syb2 in
combination with Munc13-MUN and Munc18-1, certain results remained inconclusive, leaving gaps
in our understanding of the interactions within the SNARE complex formation machinery as a whole.
The observed impact on the JMD of Syb2 upon addition of both Munc13-MUN and Munc18-1
individually raised questions about the specificity and timescale of the binding between Syb2 and
Munc13-MUN and Munc18-1, respectively. Moreover, we lacked insight into the interactions from
the perspective of the unlabeled proteins. Although we observed cross-peak broadening in specific
regions of Syb2, indicating binding, we were unable to ascertain which regions were affected by
Munc13-MUN and Munc18-1. While existing models and structures could provide some insight,
they may not fully represent the interactions under our experimental conditions. Therefore,
simultaneous structural analysis of all participating proteins could offer valuable insights into their
interactions. One method that provides this capability is cross-linking mass spectrometry (XL-MS).
In recent years, XL-MS has emerged as a powerful tool for studying the three-dimensional structure
of proteins and protein interactions. It allows for the simultaneous extraction of information
regarding both the connectivity and structure of proteins and protein complexes [232, 265, 266].
Cross-linking reagents are typically small molecules equipped with two reactive groups, enabling
the covalent linkage of amino acid residues. Following proteolytic digestion of the protein mixture,
mass spectrometry is utilized to identify the cross-linked peptides. This method relies on the spatial

proximity of the two amino acid residues for successful conjugation, thereby imposing a distance
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constraint on the protein assembly. Such constraints are crucial for structural analysis and the
identification of protein-protein interactions [232, 265, 267].

In the Freund Lab, we have been employing XL-MS to pinpoint interaction sites within protein
complexes and unveil the structural arrangements of multi-protein complexes. For that, we
collaborated with the mass spectrometry core facility at the Leibniz Forschungsinstitut fir
Molekulare Pharmakologie (FMP), overseen by Prof. Dr. Fan Liu [268]. We conducted the sample
preparation in-house and dispatched the processed samples to the FMP for analysis, subsequently
receiving the results.

However, this infrastructural setup is quite cumbersome, as the laboratories are located in different
areas and the samples must first be sent to the mass spectrometry core facility of the FMP.
Furthermore, the core facility is not only utilized by our laboratory but also by other labs that require
their samples to be analyzed there. All of this leads to a very time-consuming issue, where long
waiting times can occur until results are received. Additionally, experiment optimizations are also
difficult or very slow to implement as a result.

For this reason, there has been a longstanding endeavor to implement the cross-linking method in
our laboratory, especially considering the excellent equipment of the mass spectrometry division of
the BioSupraMol core facility at the Freie Universitat Berlin [269].

Being part of the same Collaborative Research Centre (CRC) 958 “Scaffolding of Membranes -
Molecular Mechanism and Cellular Functions” Prof. Dr. Fan Liu has graciously agreed to share her
workflow and the necessary software support with us as part of fostering good scientific exchange.
It was then up to us to integrate and establish the cross-linking mass spectrometry workflow in our

laboratories, employing the SNARE complex formation machinery as experimentational model.

4.7.1. Detailed workflow of cross-linking mass spectrometry using the bottom-up
approach

Chemical XL-MS experiments can be conducted in two primary ways: the 'bottom-up' and 'top-
down' approaches [270]. In the ‘top-down’ approach, cross-linked proteins are directly fragmented
inside the mass spectrometer, eliminating the need for enzymatic digestion. This method offers the
advantage of bypassing the separation of reacted proteins from the cross-linking reaction mixture
before mass spectrometric analysis, as this is achieved through 'gas phase purification' within the
mass spectrometer [265].

However, the top-down approach has several limitations. Analyzing large protein assemblies can
be challenging because intact proteins or complexes may be too large to be efficiently ionized and
fragmented in the mass spectrometer, leading to incomplete or ambiguous data. This approach
also requires extremely high resolution and sensitivity to distinguish between the various fragments
of large proteins, a capability that current mass spectrometers may struggle to achieve for very
large complexes. Additionally, the efficiency of fragmentation is often lower for large, intact proteins
compared to smaller peptides generated in the bottom-up approach. This can result in fewer

identifiable fragments and a less comprehensive understanding of the protein's structure [271, 272].
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Interpreting the data from top-down experiments is more complex and computationally intensive
than bottom-up methods. The data analysis software must be capable of handling the larger and
more complex datasets generated by this approach. Moreover, in top-down XL-MS, the
cross-linking sites may not be as comprehensively covered as in bottom-up approaches, potentially
limiting the ability to map interactions accurately within large protein complexes [273, 274].

Because of that, the majority of XL-MS studies typically follow the ‘bottom-up’ approach, where
cross-linked proteins undergo enzymatic digestion, and the resulting peptide mixtures are analyzed
using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The positions of the
cross-linked amino acids, along with the length of the cross-linker, impose distance constraints on
the 3D structure of the protein or protein complex. By integrating these sparse distance constraints
and using them as a foundation for computational modeling, XL-MS can help to infer protein

3D structures and delineate protein interfaces [270].
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Figure 4.28: Coomassie-stained SDS-PAGE of analyzed proteins before and after cross-linking (unmodified
full-size Coomassie-stained SDS-PAGE in Appendix Fig. 22). Addition of a cross-linker induces blurred bands in
SDS-PAGE due to variations in protein masses caused by different numbers of cross-linkers bound to the protein.
Additionally, high running complex-bands above 100 kDa are evident.

MS analysis of cross-linked and digested peptides offers several advantages: Firstly, the mass of
the protein or protein complex under scrutiny is theoretically unlimited since enzymatic digestion
occurs post cross-linking reaction, and MS analysis is conducted at the peptide level. Secondly,
MS analysis is swift and requires only small protein amounts. Finally, the protein's 3D structure and
flexibility are accurately represented as the cross-linking reaction can be conducted in a native-like
environment. This method allows for the study of membrane proteins, post-translational
modifications, and splicing variants [270].

The availability of numerous cross-linking reagents with various specificities and a broad range of
spacer distances enables the design of precise experiments tailored to the specific protein system

under investigation.
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In our approach, we adhered to the ‘bottom-up’ methodology. We cross-linked proteins of the
SNARE complex formation machinery using disuccinimidyl sulfoxide (DSSO) or disuccinimidyl
dibutyric urea (DSBU), followed by quenching the reaction with Tris (Fig. 4.28). SDS-PAGE allowed
us to track the successful cross-linking of proteins. Typically, proteins without cross-links display
sharp bands in SDS-PAGE. However, upon adding the cross-linker, the bands become blurred
(Fig. 4.28). This occurs because the masses of the proteins vary slightly, depending on the number
of intramolecular cross-linkers bound to each protein molecule. Additionally, high-running complex
bands are visible. These could comprise heteromolecular complexes, with the potential for
homo-dimer formation as well.

Subsequently, the cross-linked proteins were denatured and linearized by adding 6 M urea, while
any possible disulfide bonds were reduced using DTT. To prevent the re-formation of disulfide
bonds, free thiol groups on cysteine residues were then alkylated using iodoacetamide.

The processed proteins were sequentially digested with endoproteinase Lys-C and trypsin. Both
enzymes cleave proteins on the C-terminal side of lysine, and, in the case of trypsin, also arginine
residues. This results in various peptide species: intermolecular cross-linked peptides, where the
peptides derive from two different proteins; intramolecular cross-linked peptides, where the
peptides derive from the same protein; and mono-linked peptides, where a peptide is bound to a
cross-linker but is not linked to a second peptide (in rare cases, the cross-linker even connects two
residues within the same peptide, Fig. 4.29).

Subsequently, the resulting peptides were purified using StageTips, eluted, dried, resuspended and
analyzed by LC-MS/MS. Within the LC system, the peptides are separated using a
C18 reversed-phase column by their hydrophobicity. Shorter peptides, which typically have lower
charge states, are less hydrophobic and therefore elute earlier in the gradient. In contrast, longer
peptides exhibit higher hydrophobicity and are more likely to carry multiple charges, causing them
to elute later as the hydrophobicity of the mobile phase increases (Appendix Fig. 23). This
separation is vital for resolving overlapping peptide signals and reducing sample complexity,
thereby enhancing the detection and identification of cross-linked peptides.

The separated peptides are subsequently introduced into the mass spectrometer through an
electrospray ionization source and subjected to MS/MS analysis (described in Chapter 3.4.5.1,
Fig. 4.29) [232].

The identification of cross-linked peptides processes in a similar manner to linear peptides. For
linear peptides, measured peptide masses are matched against a protein sequence database. The
fragmentation spectrum (MS/MS spectrum) is then utilized to determine the peptide sequence that
best corresponds to the observed fragment signals from among these candidates. To apply the
same workflow to cross-linked peptides, all potential cross-linked peptides must be predicted by
performing an in silico digestion of all proteins and generating all possible pairwise combinations

of peptides. Any peptide containing a residue capable of cross-linking in the actual experiment must
be considered. Pairing results in @ possible cross-links for n peptides. This quadratic problem

poses a challenge for search algorithms and evaluating any match between a spectrum and a
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candidate peptide pair due to the high risk of random matches in a large database. However, this
problem is simplified for the analysis of protein complexes, as only those proteins present in the

sample need to be considered [232, 270].
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Figure 4.29: Schematic overview of the general cross-linking mass spectrometry workflow. Proteins of interest are
first cross-linked. After quenching, the cross-linked proteins are denatured, reduced, alkylated and digested. The
resulting peptides are then purified through StageTips and analyzed by LC-MS/MS. The resulting data are analyzed
for cross-link identification.

In the recent years, many algorithms and programs emerged to identify cross-links in proteins and
in multi-protein complexes [275-280]. For this work, we utilized the data analysis algorithm XlinkX
v2.0 developed by Prof. Dr. Fan Liu, an advancement of the XlinkX search engine [242, 281]. The
previous version, XlinkX v1.0, was employed in workflows integrating MS-cleavable cross-linkers
and a dual fragmentation strategy using sequential collision-induced dissociation (CID) and
electron transfer dissociation (ETD) MS/MS to identify cross-links against full-proteome databases
[281]. This approach relied heavily on high-quality MS? spectra for confident sequencing, limiting
its applicability to ETD-enabled instruments and a specific set of MS-cleavable cross-linkers. To
overcome these limitations, XlinkX v2.0 was developed, introducing innovative MS acquisition
strategies and data analysis algorithms suitable for MS/MS and MS? fragmentation approaches on
Lumos or Orbitrap Fusion instruments. It also implemented an intensity-based precursor mass
determination strategy, enabling the identification of cross-links even with non-ideal fragmentation

patterns. Details about the operating principle can be found in Liu et. al (2017) [242].

4.7.2. DSSO and DSBU: choosing, analyzing, and evaluating cross-linkers

The discussed analysis strategies are broadly applicable to MS-cleavable cross-linkers with
distinctive fragmentation patterns [238, 282]. Recently, MS-cleavable cross-linkers have become
more prominent in structural protein studies and interaction networks due to the increased
complexity of substrates, leading to larger peptide datasets. Identifying cross-linked spectra is

challenging because each product involves two peptides, exponentially increasing the potential
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cross-links for a given precursor mass. This growth complicates specific identification [283].
Additionally, co-fragmentation of linked peptides in the same MS/MS spectrum can reduce
fragmentation efficiency, hindering identification [284]. To mitigate this, MS-cleavable cross-linkers
should have labile covalent bonds, ensuring preferred fragmentation over the peptide backbone
during collisional activation. This characteristic is particularly useful for data-dependent analyses,
leveraging the unique fragment ion signatures in CID experiments.

In our studies, we utilized the MS-cleavable cross-linkers disuccinimidyl sulfoxide (DSSO) and
disuccinimidyl dibutyric urea (DSBU). To do this, we expanded the script of the XlinkX v2.0 search
algorithm to include an additional option for identifying cross-links with DSBU, while DSSO was

already available (Fig. 4.30).

:I» MS-cross linker analysis settings DSBU

’ } MS-cross linker analysis settings DSSO

1

Figure 4.30: Excerpt of the modified XlinkX v2.0 search algorithm script displaying the user settings, allowing
configuration of the file paths for the .FASTA-file and the Mascot Generic Format (.MGF)-file. Additionally, users can
specify the cross-linkers used in the experiments. Here, the masses (total mass and fragment masses after MS
cleavage, XL_L = long fragment, XL_S = short fragment) for the DSBU cross-linker were added, enabling the search
engine to identify peptides cross-linked via DSBU. Script is executed in R (R-Studio v.1.4, Posit PBC (Boston, USA)).

While XL-MS studies with DSSO are best conducted using a combined MS/MS-MS? acquisition
approach — where CID-MS/MS at low collision energy cleaves the cross-linker to generate
signature ions of both cross-linked peptides, followed by MS? fragmentation of these ions via CID
and/or ETD to fragment the peptide backbone — DSBU allows for simpler MS/MS acquisition. DSBU
can simultaneously generate cross-linker and peptide backbone fragments in a single MS/MS step
[242, 285, 286]. This capability enables XL-MS studies with DSBU to be conducted on any high-
resolution mass spectrometer with tandem MS capabilities. Yet, DSSO can be used under these
conditions as well.

DSSO and DSBU contain two N-hydroxysuccinimide (NHS) ester functional groups and two
symmetric MS-labile bonds (MS-cleavable C-S bond adjacent to the sulfoxide for DSSO,
MS-cleavable N-C bond adjacent to the keto-group, Fig. 4.31). The NHS ester reacts efficiently
with primary amine groups to form stable amide bonds. This reaction targets lysine residues, and
possibly the N-terminus of proteins. DSSO and DSBU have a spacer length of 10.3 A and 12.5 A
respectively, making them well suited for detecting protein interaction interfaces of protein

complexes and generating informative distance constraints (Fig. 4.31) [238, 239].

104



Using MS/MS, the cross-linked peptides generate characteristic fragmentation patterns, appearing
as doublet signals under collisional dissociation. The DSBU cross-linker produces distinctive
fragment ion patterns attributed to a mass increase of 85 u (short fragment) or 111 u (long fragment)
at the cross-linked peptides in CID-MS/MS experiments (Appendix Fig. 23 A)). Consequently,
fragmentation of DSBU cross-linked peptides shows two doublets with a difference of 26 u each as
cleavage occurs at either of the two NH-C=0 bonds in the central urea moiety. This results in both
peptides being modified with short and long fragments of the linker in MS/MS spectra, producing
two doublet signals (Fig. 4.32 C) and Appendix Fig. 23 B)) [239, 284].

A) B)
Disuccinimidyl sulfoxide (DSSO) Disuccinimidyl dibutyric urea (DSBU)

O
N \H/\/\ /\/\"/
O MS- cleavable sites O

MS- cleavable sites

10.3 A 125 A
Figure 4.31: Molecular structure and linker length of the MS-cleavable cross-linkers A) disuccinimidyl sulfoxide
(DSSO) and B) disuccinimidyl dibutyric urea (DSBU). MS cleavage leads to the creation of a short and a long

fragment, creating a unique fragment pattern in the MS/MS spectrum.

Similarly, DSSO-cross-linked peptides can be distinguished based on their unique fragmentation
patterns in MS/MS spectra and facilitate automated data analysis. During CID analysis of an
interpeptide cross-link, cleavage of one C-S bond adjacent to the sulfoxide yields a pair of peptide
fragments: one is an alkene (+54 u, short fragment) and the other is modified with sulfenic acid,
losing a water molecule (+86 u, long fragment) (Appendix Fig. 24 B)). Fragmentation of DSSO
cross-linked peptides results in two doublets with a difference of 32 u each, due to the cleavage of
either of the two symmetric C—S bonds (Appendix Fig. 24 A)). In this respect, the DSSO
cross-linker generates fragmentation patterns similar to those of the DSBU cross-linker
(Appendix Fig. 25 A)) [238, 284].

The characteristic fragment ion patterns of the DSBU linker simplify the identification of cross-linked
species from complex mixtures and greatly reduce the potential of identifying false-positive
cross-links. Consequently, these signature ions facilitate straightforward and automated
identification (Fig. 4.32).

Moreover, by directly calculating the masses of connected peptides from the masses of these
signature ions, the search space for potential cross-linked products can be significantly reduced
compared to approaches employing non-cleavable reagents [282].

We assessed the efficacy of these two cross-linkers under various protein concentrations,
considering that protein yield can vary significantly between different proteins and purification runs.
For this, we used Stx1B as a model protein due to its abundant and evenly distributed lysine
residues throughout its amino acid sequence, and cross-linked it at concentrations ranging from
5 uM to 40 pM (Fig. 4.33).
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Notably, the number of cross-links generated by DSSO was consistently significantly higher than
that of DSBU across all protein concentrations tested. Additionally, the number of identified cross-

links increased with higher protein concentration for both cross-linkers (Fig. 4.33 A)).
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Figure 4.32: A) Exemplary LC chromatogram of an LC-MS/MS run displaying the separation of peptides over a
160-minute gradient, with eluted peptides measured via MS. B) MS spectrum of a parent peptide ion with a peptide
mass of 2514.40 Da and charge state 4+, along with corresponding isotope signals, eluted at a retention time of
54.5 min. C) MS/MS spectrum confirming the interpeptide cross-link between K87 and K81 of Stx1B. All peaks are
charge deconvoluted. Characteristic b- and y-fragment ions resulting from cleavage of peptide P+ and P2 are labeled
in red and blue, respectively. Signature peaks of peptides P1 and P2 resulting from the cleavage of the DSBU
cross-linker are labeled purple (XLshort/XLiong indicates whether the peptide contains the shorter or longer arm of
DSBU after cleavage). Characteristic b- and y-fragment ions resulting from backbone cleavage of peptide P1 or
peptide P2 and additional cleavage of the DSBU cross-linker are labeled in orange and cyan, respectively.

Upon closer analysis of the identified cross-links and the lysine residues involved, we noted
instances where cross-links occurred between the same lysine residues. These instances were
unmistakably attributed to homo-dimers. As Stx1B is not particularly known to form homo-dimers,
it can be assumed that these are probably nonspecific and could also arise from aggregation.
Interestingly, for DSSO, the number of cross-links between the same lysine appeared to be
independent of protein concentration, whereas for DSBU, this number increased with higher protein
concentration (Fig. 4.33 B)).

Furthermore, there were cross-links observed with a significant overlength according to the
3D structure (PDB: 3C98). The maximum possible distance for a cross-link Ca-Ca bond is typically
calculated as the sum of the linker length plus twice the length of the lysine side chain
(2x 6.4 A=12.38A), with an additional tolerance ranging between 2-5 A. Given that DSSO and
DSBU have fixed lengths of 10.3 A and 12.5 A respectively, this would result in a total maximum
range of 28.1 A for DSSO and 30.3 A for DSBU [242, 287].
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Considering that we measured the length of the recorded cross-links based on an existing crystal
structure and recognizing that the actual structure may vary slightly due to molecular dynamics
under solvent conditions, here we only considered cross-links with a distance of = 29 A for DSSO
and = 31 A for DSBU as overlength cross-links. These typically occur between lysine residues at
two opposite ends of the 3D protein structure and likely represent cross-links from two different
Stx1B molecules and could be therefore also considered as rather nonspecific (identified
cross-links were mapped onto the Stx1A isoform used as our reference 3D model for Stx1B
(PDB: 3C98, Appendix Fig. 26).

Once again, we noticed that the number of overlength cross-links appeared to be unrelated to
protein concentration for DSSO, whereas for DSBU, this number increased with higher protein
concentration (Fig. 4.33 C)). These findings suggest that DSSO exhibits higher cross-linking
efficiency, albeit with a tendency towards nonspecificity. Consequently, we opted to proceed with
DSBU, with the possibility of revisiting DSSO should analysis with DSBU yield an insufficient

number of cross-links.
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Figure 4.33: A) Comparison of the total numbers of identified cross-links when using DSSO or DSBU applied onto
different protein concentrations of Stx1B ranging from 5 uM to 40 uM. B) Number of cross-links that were identified
to link the same lysine when using DSSO or DSBU at different concentrations of Stx1B ranging from 5 yM to 40
pMM. C) Number of cross-links that were identified with an overlength when using DSSO or DSBU at different
concentrations of Stx1B ranging from 5 uM to 40 pM.

To ensure the validity of our cross-links and the integrity of our constructs during the cross-linking
procedure, we examined the distance distribution of the identified cross-links and compared it to a
random distribution of distances. Considering the distance restraint imposed by the DSBU
cross-linker, we anticipated a clear shift in the distance distribution towards shorter distances
compared to a random distribution.

For Stx1B, we observed a slight shift towards shorter distances in the distribution (Fig. 4.34 A)).
However, considering the relatively small size of the Stx1B molecule and its compact, globular
structure, it becomes evident that the distances between lysine residues are generally short.
Therefore, the random cross-link distance distribution also tends to show short distances.
Furthermore, the majority of the measured cross-links stayed below the upper limit of the distance
constraint of DSBU of 30.3 A.
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In regards of the overlength cross-links, which were found to exceed the maximum distance
constraint, some of them are located within flexible regions of the measured proteins, such as the
furled loop and an unstructured region in Munc18-1’s domain 3a or the linker region as well as the
C-terminal part of Stx1B behind the SNARE motif (Appendix Fig. 26 and Appendix Fig. 27).
Therefore, these overlength cross-links could be rationalized as capturing possible structural
conformations (Fig. 4.34 B)). This becomes particularly evident when examining the cross-link
distance distribution in Munc13-MUN. The MUN domain has an elongated, rod-like shape, with
almost no flexible regions, resulting in only a very few cross-links that exceed the upper limit of the
30.3 A distance constraint (Fig. 4.34 C)).
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Figure 4.34: Measured DSBU cross-link distance distribution compared to theoretical random distance distribution
(cross-linking of all available lysine residues without distance constraint, gray dashed line) for A) Stx1B, B) Munc18-
1 and C) Munc13-MUN. Identified cross-links were mapped onto solved crystal structures of each individual protein
and the distances were measured (Appendix Fig. 26 A) and Appendix Fig. 27 A), B)). The measured distance
distribution is shifted towards shorter distances compared to respective random distance distribution due to distance
constraint of the used cross-linker.

Combining the findings, it appears that both cross-linkers, DSSO and DSBU, effectively facilitate
cross-linking even at low concentrations. While DSBU consistently yielded fewer identified cross-
links compared to DSSO, the results suggest that DSSO may exhibit some level of nonspecificity,
potentially making DSBU the preferred choice for specific experiments. Furthermore, cross-link
distance distributions confirm that the identified cross-links are not random but adhere to the

distance constraint imposed by DSBU.

4.7.3. XL-MS reveals interaction sites between C-terminus and SNARE motif of Syb2 and
Munc13-MUN

To further investigate the interaction between Syb2 and the orchestrating protein Munc13-MUN,
complementing the insights obtained from NMR studies, we cross-linked Syb2 with Mun13-MUN.
To map the identified cross-links, we superimposed the solved NMR structure of Syb2 (Ellena et al.
(2009), PDB: 2KOG) with the short C-terminal peptide of Syb2 within the crystal structure of
Munc13-MUN (Wang et al. (2019), PDB: 6A30) [110, 123]. The alignment was conducted using
W89 and W90 of Syb2 as fixed points, as these residues were identified as crucial for Syb2’s
interaction with Munc13-MUN in our NMR experiments (Chapter 4.6.2 and Appendix Fig. 28).
Although the backbones of these residues align, the side chains of W89 and W90 of Syb2 exhibit
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different rotations. However, this area appears to be relatively unstructured, as the defined alpha-
helical region surrounding this part experiences a kink and serves as a rotation point for the different
states observed in the recorded NMR structures from Ellena et al. (2009, Appendix Fig. 29) [110].
All shown cross-links mapped onto the structures have been identified in at least two experiments.
The XL-MS measurements confirmed the initial findings of the C-terminal interaction sites between
Syb2 and Munc13-MUN, identifying two cross-links in this region. Both cross-links fell within the
distance constraint of DSBU, with one measuring 16.1 A and the other 21.5 A (Ca-Ca, Fig. 4.35).
This highlights the significance of these areas as potential primary interaction sites between Syb2
and the MUN domain of Munc13-1. Furthermore, seven cross-links were found between K52 of
Syb2 and lysine residues from different regions of Munc13-MUN. These cross-links all exceed the
distance constraint of the DSBU cross-linker, suggesting conformational variation compared to the
superimposed structures (Fig. 4.35). Given the inherent flexibility of the numerous unstructured
regions of Syb2, typical of an IDP, these identified cross-links likely captured various conformational
states, confirming notable structural flexibility in Syb2. This flexibility allows the structured
SNARE motif of Syb2 to associate to the MUN-domain at different positions.

A)
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Figure 4.35: A) Cross-link map shows the sequence positions of identified intermolecular cross-links between
Syb2%T and Munc13-MUNWT. Lysine residues within the sequence are marked in light blue. Intermolecular
cross-links that exceed the distance constraint when mapped onto the structures are colored in red, while those
within the distance constraint are colored in teal. XiNET Cross-Linker Viewer was used to create the cross-link map
[288]. B) Identified cross-links are mapped onto the superimposed structures of Syb2"WT (PDB: 2KOG) and
Munc13-MUN (PDB: 6A30). Lysine residues within the structures are marked as spheres and cross-linked lysine
residues are colored in dark blue. Inset provides a close-up view onto the superimposed structures of the Syb2
peptide (PDB: 6A30, blue) and Syb2 (PDB: 2KOG, gold), along with the identified cross-links between the C-termini
of Munc13-MUN and Syb2. Intermolecular cross-links that exceed the distance constraint are colored in red, while
those within the distance constraint are colored in teal (cross-link length can be found in Appendix Table 7.3).
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Remarkably, all lysine residues of Munc13-MUN cross-linked to K52 of Syb2 displayed a consistent
orientation inwardly within the curved structure of Munc13-MUN. This suggests that the region
surrounding K52 likely orientates toward concave side of the MUN domain (Fig. 4.35 B)).

Interestingly, no cross-link has been identified for K59 of Syb2, which is positioned at a highly

flexible region.
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Figure 4.36: A) Cross-link map shows the sequence positions of the identified intermolecular cross-links between
Syb2R47K and Munc13-MUNWT. Lysine residues within the sequence are marked in light blue. The newly introduced
lysine residue at position 47 is marked in lilac. Intermolecular cross-links that exceed the distance constraint when
mapped onto the structures are colored in red, while those within the distance constraint are colored in teal. XiNET
Cross-Linker Viewer was used to create the cross-link map [288]. B) Identified cross-links are mapped onto the
superimposed structures of Syb2 (PDB: 2KOG, position of R47K mutation is indicated) and Munc13-MUN (PDB:
6A30). Lysine residues within the structures are marked as spheres and those involved in cross-linking are colored
in dark blue. The newly introduced lysine residue at position 47 is colored in lilac. Intermolecular cross-links that
exceed the distance constraint are colored in red, while those within the distance constraint are colored in teal
(cross-link length can be found in Appendix Table 7.3). C) — D) Cross-link map shows the sequence positions of
the identified intermolecular cross-links between C) Syb2R3K and Munc13-MUNWT as well as D) Syb2*3 and
Munc13-MUNWT. Lysine residues within the sequence are marked in light blue. The newly introduced lysine residue
at position 30 and 3 are marked in lilac. Intermolecular cross-links that exceed the distance constraint when mapped
onto the structures are colored in red, while those within the distance constraint are colored in teal (structures can
be found in Appendix Fig. 30). XiNET Cross-Linker Viewer was used to create the cross-link maps [288].

Having pinpointed the interaction sites of the C-terminal region and the SNARE motif of Syb2 with
Munc13-MUN, our understanding is limited regarding the N-terminal segment of Syb2. This is due
to the absence of lysine residues within this highly unstructured region, which, however, are crucial
for cross-links and deducing conformational orientations and interaction sites. To address this gap,

we sought to broaden our perspective by incorporating new lysine residues into the N-terminal
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region. For that, we introduced new lysine residues individually at positions 47, 30 and 3,
substituting arginine or alanine residues via site-directed mutagenesis. This approach provides an
additional cross-linking probe in the structured SNARE motif and two cross-linking probes in the
unstructured region further up the N-terminal part, enabling a more comprehensive exploration of
possible interaction sites while also preserving side chain characteristics, at least at positions 47
and 30.

In our measurements with Syb2R47X and Munc13-MUN, we identified one less cross-link in the
C-terminal region between Syb2 and the MUN domain, as well as one less cross-link connecting
K52 of Syb2 with the MUN domain (Fig. 4.36 A), B)). Additionally, we also discovered a new cross-
link between Syb2 K52 and Munc13-MUN K1482, likely indicating the considerable flexibility of the
disordered Syb2 protein. Moreover, we found three cross-links for the newly introduced lysine
residue at position 47, connecting to the same lysine residues that are cross-linked to K52 of Syb2.
This suggests a certain structural rigidity in the SNARE motif, which keeps both residues in close
proximity, allowing them to cross-link to the same lysine residues on the side of Munc13-MUN.

In regards of Syb2R3%K and Syb243K, the overall cross-link distribution was similar to the wild-type
and Syb2A47K however, no additional cross-links have been found for the introduced lysine residues
at position 30 and 3, suggesting that the unstructured N-terminal region is not involved in any
interaction with Munc13-MUN (Fig. 4.36 C), D)).

The XL-MS analysis with Syb2 constructs and Munc13-MUN confirmed a C-terminal interaction
between the two proteins. Additionally, multiple cross-links between Syb2’s K52 and various
regions of the MUN domain were consistently observed. The cross-linked lysine residues of the
MUN domain are oriented inwardly within its arch-shaped structure, suggesting that Syb2 adopts
different structural conformations, all directed towards the concave side of Munc13-MUN.
Furthermore, lysine mutations revealed that the unstructured N-terminal region of Syb2 does not

participate in any interaction with the MUN domain.

4.7.4. Syb2 SNARE motif aligns to domain 3a binding groove and domain 1 of Munc18-1

We then turned our attention to the other orchestrating protein, Munc18-1. Our NMR results
revealed weak interactions between the two proteins, particularly in the C-terminal region of Syb2.
However, based on the crystal structure of the homologous protein complex Vps33:Nyv1 in
Chaetomium thermophilum, where Nyv1 (the homolog of Syb2) binds with its SNARE motif into the
binding groove of Vps33 (the homolog of Munc18-1), we anticipated a notable decrease in relative
signal intensity for residues within the SNARE motif, which, however, we did not observe [119, 122,
124, 127].

Remarkably, XL-MS measurements revealed eight cross-links between Syb2 K52 and lysine
residues of two distinct regions of Munc18-1, which are assigned to domain 1 and domain 3a, along
with one cross-link between Syb2 K59 and a lysine residue in domain 3a (Fig. 4.37 A)). Interestingly,

however, no cross-links between Munc18-1 and the C-terminal region of Syb2 were observed.
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We mapped the identified cross-links on the recently published crystal structure of the
Munc18-1:Stx1A:Syb2 complex by Stepien et al. (2022), revealing Syb2’s interaction with the
unfurled loop region between helix 11 and helix 12 of Munc18-1 of domain 3a, akin to the
homologues complex structure of Vps33:Nyv1 (Fig. 4.37 B)) [69, 122]. The six cross-links between
Syb2 K52 and K59 fell within the distance constraint of DSBU, ranging from 13.5 A to 21.6 A
(Ca-Ca), indicating a precise fit for Syb2’s SNARE motif binding to this region.
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Figure 4.37: A) Cross-link map shows the sequence positions of the identified intermolecular cross-links between
Syb2"WT and Munc18-1"T. Lysine residues within the sequence are marked in light blue. Domain 1 and domain 3a
of Munc18-1 are highlighted with grey tones, the position of the loop is shown in brown. Intermolecular cross-links
that exceed the distance constraint when mapped onto the structures are colored in red, while those within the
distance constraint are colored in teal. XiNET Cross-Linker Viewer was used to create the cross-link map [288].
B) Identified cross-links are mapped onto the EM structure of the Munc18-1:Stx1A:Syb2 complex (here only
showing Munc18-1 (black) and Syb2 (gold), PDB: 7UDC). The missing segment of the unfurled loop (brown) was
modeled using MoMa-LoopSampler (Barozet et al. (2022) [289]). Lysine residues within the structures are marked
as spheres and those involved in cross-linking are colored in dark blue. Intermolecular cross-links that exceed the
distance constraint are colored in red, while those within the distance constraint are colored in teal (cross-link length
can be found in Appendix Table 7.3). Inset shows a detailed view of the helices within Munc18-1’s domain 1,
featuring lysine residues implicated in cross-linking with Syb2.

112



Interestingly, three cross-links suggest a potential secondary binding site of Syb2 to Munc18-1’s
domain 1 (Fig. 4.37 B)). However, considering previous data and models, this interaction site could
be deemed secondary or possibly an artifact, given that the expected primary binding site at the
furled loop region of Munc18’s domain 3a is already occupied [69, 84, 122]. Nonetheless, XL-MS
experiments with Syb2 and Munc13-MUN have demonstrated the binding flexibility of the
SNARE motif region of Syb2, enabling it to align with different regions, potentially leading to
nonspecific binding to Munc18-1’s domain 1. Furthermore, this domain structurally forms a two-
helix binding groove similar to that of helix 11 and helix 12 within domain 3a of Munc18-1 where
the SNARE motif of Syb2 could align (Fig. 4.37 B)). Moreover, the existence of a natural second
binding site cannot be ruled out, as it could provide an additional tethering mechanism, where Syb2
on the synaptic vesicle side binds to Munc18-1 on the presynaptic membrane side, which in turn
binds to Stx1. This argument gains support from the exclusive involvement of lysine residues from
these two regions in cross-linking with Syb2, contrasting with the absence of cross-links with other

lysine residues of Munc18-1, despite their abundance, suggesting a degree of specificity.
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Figure 4.38: A) Cross-link map shows the sequence positions of the identified intermolecular cross-links between
Syb2"T and Munc18-1P326K_ | ysine residues within the sequence are marked in light blue. Domain 1 and domain
3a of Munc18-1 are highlighted with grey tones, the position of the loop is shown in brown. The introduced mutant
lysine residue at position 326 is marked in lilac. Intermolecular cross-links that exceed the distance constraint when
mapped onto the structures are colored in red, while those within the distance constraint are colored in teal.
XiNET Cross-Linker Viewer was used to create cross-link map [288]. B) Identified cross-links are mapped onto the
EM structure of the Munc18-1:Stx1A:Syb2 complex (here only showing Munc18-1 (black (PDB: 7UDC, position of
D326K mutation is indicated), the missing part of the unfurled loop (brown) was modeled using MoMa-LoopSampler
(Barozet et al. (2022) [289]) and Syb2 (gold, PDB: AF-P63027-F1). The Syb2 structure displayed here is an
AlphaFold 2 structure, superimposed with the Syb2 of the original EM structure to highlight the involvement of the
C-terminal part in cross-linking (Appendix Fig. 31). Lysine residues within the structures are marked as spheres
and those involved in cross-linking are colored in dark blue. Intermolecular cross-links that exceed the distance
constraint are colored in red, while those within the distance constraint are colored in teal (cross-link length can be
found in Appendix Table 7.3).
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In the EM structure of the Syb2:Stx1A:Munc18-1 complex, Stepien et al. (2022) employed
functional mutants Stx1ALEA* and Munc18-1P33%A to alter the conformations of the involved proteins,
promoting the unfurling of the loop within Munc18-1’s domain 3a and thus enhancing the binding
of Syb2 to Munc18-1 [69]. This was supported by our XL-MS experiments with Syb2 and
Munc18-1P326K "another functional mutation within the loop, inducing the opening of the furled loop
[127, 290]. These experiments revealed a notably higher number of cross-links between Syb2 and
Munc18-1P326K compared to the wild-type counterpart, with 17 cross-links detected between
Syb2"T and Munc18-1P326K including two more to domain 1 and six additional cross-links to
domain 3a of Munc18-1. Remarkably, we also observed two cross-links between the C-terminal
part of Syb2 and Munc18-1, one towards domain 1 (K125) and another towards the backside of
domain 3a (K294). This suggests that the forced opening of the furled loop facilitates a more
efficient alignment of Syb2 within the binding groove between helix 11 and helix 12 of domain 3a
of Munc18-1 (Fig. 4.38 A)).

To map all identified cross-links, including those between the C-terminal part of Syb2 and Munc18-1,
we aligned the full-length AlphaFold 2 structure of Syb2 (PDB: AF-P63027-F1) with the Syb2
fragment shown in the EM structure from Stepien et al. (2022 [69], PDB: 7UDC) using the lysine
residues K52 and K59 as anchor points, as these residues are primary anchor points for the
cross-links (Appendix Fig. 31).

All cross-links between Syb2"T and domain 3a of Munc18-1P326K fg]| within the distance constraint
of DSBU, ranging from 12.6 A to 26.3 A (Ca-Ca). This includes a cross-link between K52 of Syb2
and the introduced D326K mutation of Munc18-1, confirming the correct integration of that mutant
residue (Fig. 4.38 B)). Cross-links toward domain 1 exceed the distance constraint of DSBU in this
binding model, strongly suggesting the additional binding site for Syb2 to Munc18-1 at this domain
as mentioned before (Fig. 4.38 B)).

In these experiments with Syb2 and Munc18-1, however, cross-linking was performed without
Munc18-1’s primary interaction partner, Stx1. According to the crystal structure from Burkhardt et
al. (2008 [140], PDB: 3C98), the interaction between Stx1A and Munc18-1 maintains the loop of
domain 3a in its furled conformation (Fig. 1.9) [140]. Alignment of the crystal structure from
Burkhardt et al. (2008 [140], PDB: 3C98) and EM structure from Stepien et al. (2022 [69], PDB:
7UDC) showed that a furled loop would hinder Syb2 binding between helix 11 and 12 as structures
overlap (Appendix Fig. 31).

In the light of this, we pondered whether addition of Stx1B was indeed affecting the interaction
between Munc18-1 and Syb2. Our hypothesis proposed that the loop within domain 3a of Munc18-1
folds back onto helices 11 and 12, thus obstructing the interaction with Syb2 and potentially guiding
Syb2 towards the newly discovered interaction site in domain 1 of Munc18-1.

Interestingly, XL-MS experiments conducted in the presence of all three proteins — Syb2, Munc18-1,
and Stx1B — revealed no significant alterations in the interaction region between Syb2 and
Munc18-1 at first glance. Intermolecular cross-links between Syb2 and Munc18-1’s domain 1 and

domain 3a persisted, indicating that domain 3a remained accessible for the interaction
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(Fig- 4.39 A)). However, there were notably fewer cross-links between Syb2 and Munc18-1, with
only five in total: two towards domain 1 and three towards domain 3a of Munc18-1. Additionally,
K59 and the C-terminal part of Syb2 were no longer involved in cross-linking (Fig. 4.39 A), B)).
Distinctly, for the interaction between Syb2 and domain 3a of Munc18-1, only lysine residues on
helix 11 (K308 and K314) and K321 on the loop (the lysine residue closest to helix 11) were involved.
However, none of the lysine residues on helix 12, which had previously participated in cross-linking
with Syb2, nor K277 of Munc18-1, which is situated deeper within the structure of Munc18-1 and
close to helix 12, were involved in cross-linking anymore. This suggests that there might be
suboptimal alignment of Syb2 towards domain 3a with the furled loop, allowing for cross-linking
with the lysine residues on the surface of the Munc18-1 structure in that region but not proper
alignment of Syb2 between helix 11 and 12, as would occur with an unfurled loop. This indicates
that the interaction between Munc18-1"T and Syb2"" indeed maintains the loop in its furled
conformation, and an additional Syb2 is unable to properly align with that region.

Furthermore, we observed only one cross-link between Syb2 (K52) and Stx1B (K87). This one falls
within the distance constraint, with a length of 22.5 A (Ca-Ca), but unexpectedly, it connects
between helix Hp of Stx1B and Syb2, rather than linking the SNARE motifs of Stx1B and Syb2 as
would be anticipated in the context of a template complex formation. This implies that the interaction
between Munc18-1 and Stx1B effectively prevents Stx1B from engaging with Syb2 and suggests
only a nonspecific alignment of Syb2 in this case (Fig. 4.39 B)).

Regarding the interaction of Munc18-1 and Stx1B, 17 cross-links have been identified between the
two proteins. Interestingly, while the cross-linked lysine residues are distributed throughout the
entire sequence of Stx1B, lysine residues from three regions of Munc18-1 are more frequently
involved: domain 1 and domain 3a (similar to the interaction with Syb2), and additionally the
C-terminal part of domain 2 (Fig. 4.39 A)). In the context of the complex structure, this observation
is quite logical, given that domain 1 and domain 3a flank Stx1B, which is bound between them.
Most of the identified cross-links fall within the distance constraint, with two interesting exceptions:
one being between Stx1B K251 and Munc18-1 K120 (36.7 A (Ca-Ca)), connecting the C-terminus
of Stx1B and domain 1 of Munc18-1. In the crystal structure, both regions are still in proximity to
each other and the overlength cross-link possibly reflects a conformational flexibility of the
C-terminus of Stx1B. The other one involves K526 of Munc18-1, which connects to three different
lysine residues of Stx1B, K54 and K55 of the helix Ha and K139 of the helix Hc. All these three
cross-links displayed an overlength in the realm of 44.7 A to 46.2 A (Ca-Ca). Considering K526's
location within a flexible region of Munc18-1, it's probable that these cross-links arise due to the
substantial flexibility in this area, possibly capturing conformations where the loop is closer to the
helices of Stx1B (Fig. 4.39 B), originally missing parts of this flexible region in this crystal structure
were modeled using MoMa-LoopSampler (Barozet et al. (2022) [289])).

It is worth noting that no cross-links were found from Munc18-1 K526 to helix H, and also not with
the SNARE motif of Stx1B. This is sensible since these two helices are positioned away from the

interaction interface, thus providing further validation for the identified cross-links.
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Figure 4.39: A) Cross-link map shows the sequence positions of the identified intermolecular cross-links between
Syb2"T, Munc18-1"T and Stx1B"'. Lysine residues within the sequence are marked in light blue. Intermolecular
cross-links that exceed the distance constraint when mapped onto the structures are colored in red, while those
within the distance constraint are colored in teal. Domain 1 and domain 3a of Munc18-1 are highlighted with grey
tones, the position of the loop is shown in brown. XiNET Cross-Linker Viewer was used to create the cross-link map
[288]. B) Identified cross-links are mapped onto the crystal structure of the Stx1:Munc18-1 complex (PDB: 3C98)
and EM structure of Syb2 (PDB: 7UDC), which was added by the alignment of the structures of Munc18-1 from the
EM structure and the crystal structure (Appendix Fig. 32). Missing parts within the structure were modeled using
MoMa-LoopSampler (Barozet et al. (2022) [289]). The sequence of the Stx1A chain in the crystal structure was
adjusted to match the sequence of Stx1B. The insets show a detailed view of Munc18-1’s furled loop within domain
3a, overlaid with Syb2 (top), and the backside of the interaction interface of domain 3a (bottom). Lysine residues
within the structures are shown as spheres and those involved in cross-linking are colored in dark blue.
Intermolecular cross-links that exceed the distance constraint are colored in red, while those within the distance
constraint are colored in teal (cross-link length can be found in Appendix Table 7.3). C) Cross-link map shows the
sequence positions of the identified intermolecular cross-links between Syb2WT, Munc18-1P326K and Stx1BWT. Lysine
residues within the sequence are marked in light blue and intermolecular cross-links between lysine residues are
colored in light purple. Domain 1 and domain 3a of Munc18-1 are highlighted with grey tones, the position of the
loop is shown in brown. The introduced mutant lysine residue at position 326 is marked in lilac. XiNET Cross-Linker
Viewer was used to create the cross-link map [288].

We attempted to enhance Syb2 binding to the Stx1B:Mun18-1 complex by employing the
Mun18-1P326K mutation once again, aiming to unfold the furled loop and expose the binding groove

between helices 11 and 12 of Mun18-1P326K for Syb2WT, This approach aimed to potentially capture
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more cross-links between the SNARE motifs of Syb2 and Stx1B, indicative of a side-by-side
alignment resembling template complex formation. However, XL-MS data revealed that the
utilization of the D326K mutation did not significantly enhance Syb2 binding. The number of
cross-links between Syb2"T and domain 3a of Mun18-1P326K remained reduced compared to the
measurements without Stx1B (totaling only 4 cross-links), with lysine residues from helix 12 and
the buried K277 still excluded (Fig. 4.39 C)). This strongly suggests that Syb2 still fails to bind
properly to the Stx1B:Munc18-1 complex, even with the D326K mutation (Fig. 4.39 C)).
Furthermore, no cross-links between Syb2 and Stx1B were detected, indicating the absence of a
side-to-side alignment and the continued inaccessibility of Stx1B for early SNARE complex
formation.

Upon examining the aligned crystal and EM complex structures from Burkhardt et al. (2008) and
Stepien et al. (2022), it becomes apparent that a complete unfurling of the loop triggered by the
D326K mutation of Munc18-1 would not be feasible in the interaction with Stx1B, unless a crucial
conformational change occurs within Stx1B. This is because an unfurled loop would overlap with
the linker region of Stx1B (Appendix Fig. 32 C)). Therefore, it could be inferred that the binding of
Syb2 to domain 3a was not successful in this case, as the loop might not fully unfurl due to the
presence of Stx1B.

Interestingly, a new cross-link between Munc18-1P326K and Stx1BWT was identified, involving
K321 (Munc18-1) and K188 (Stx1B, Appendix Fig. 32 D)). This particular cross-link exhibits
significant overlength of 55.5 A (Ca-Ca), suggesting that it would have only formed if there were
some conformational changes bringing the loop and the beginning of the SNARE motif closer
together. This implies that the loop may not remain completely furled upon the utilization of the
D326K mutation and might partially unfurl. However, it cannot unfurl completely due to structural
blockage by Stx1B, which consequently hinders proper Syb2 binding as well.

In summary, our XL-MS experiments uncovered two Syb2 binding sites on Munc18-1. One resides
within Munc18-1's domain 3a, between helix 11 and 12, consistent with previous findings [69, 124].
Additionally, cross-links hint to a secondary binding site in Munc18-1's domain 1. The D326K
mutation of Munc18-1, known to trigger loop opening, notably enhanced binding of Syb2 to domain
3a. However, the addition of Stx1B limited Syb2's binding to Munc18-1, indicating that Stx1B
maintains the loop of Munc18-1 in its furled state, hindering proper Syb2 alignment. This hindrance
persisted even with the Munc18-1 D326K mutation in the presence of Stx1B, indicating that the
loop cannot fully unfurl without significant conformational changes in Stx1B. Moreover, only one
cross-link was detected between Syb2 and Stx1B, and no cross-links were found between their
SNARE motifs. This suggests that Stx1B, when interacting with Munc18-1, remains inaccessible to
Syb2 for early SNARE complex formation. Other factors may be required to facilitate the opening

of Stx1B's conformation, allowing access to its SNARE motif for SNARE complex formation.
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4.7.5. Cross-links indicate conformational changes in the binding sites between
Munc18-1 and Stx1B mutants

We then compared the intermolecular cross-link profiles of Munc18-1 and Stx1B between the
measurements with and without Syb2 to determine if the addition of Syb2 affects their interaction
and potentially their conformation (Fig. 4.39 and Fig. 4.41). Yet, no significant differences were
observed in the intermolecular cross-links between Munc18-1 and Stx1B between measurements,
suggesting that the addition of Syb2 does not alter the binding conformation of the Stx1B:Munc18-1
complex. Nonetheless, 25 cross-links between Munc18-1 and Stx1B from the measurement
without Syb2 were additionally identified (eight more than in the measurement with Syb2,
Fig. 4.41 B)). Most of these new cross-links were situated within the expected interaction interface
and fell within the distance constraints, leaving domain 1 and domain 3a of Munc18-1 as hotspot
domains for cross-linking with Stx1B (Fig. 4.41 A), C)).

However, a few cross-links displayed significant overlength. Two of these were already known from
the measurement with Syb2, involving Munc18-1’s K526, situated in a flexible region, and Stx1B’s
K54 as well as K139, with lengths of 45.9 A and 44.7 A (Ca-Ca), respectively (Fig. 4.41 C)). This
suggests that the flexible region containing K526 can indeed adopt conformations closer to the
interaction interface with Stx1B than indicated by the crystal structure. Another cross-link, also
observed in the measurement with Syb2, involves Stx1B’s K251 and Munc18-1's K120
(36.7 A (Ca-Ca)), further highlighting the flexibility of Stx1B's C-terminus. This flexibility is further
underpinned by three newly identified overlength cross-links, involving the aforementioned
C-terminal K251 of Stx1B and Munc18-1’s K356 (55.7 A (Ca-Ca)) as well as K584 (51.1 A (Ca-Ca))
and even with K308 of domain 3a (57.3 A (Ca-Ca)). All these findings strongly indicate a high
degree of flexibility in the C-terminus of Stx1B. However, these results need to be considered in
perspective as we utilized a C-terminally truncated Stx1B construct in these measurements, lacking
the JMD and TMR of Stx1B which would normally anchor it into a membrane, potentially reducing
its flexibility in its natural environment. In the artificial, membrane-free, and buffer-only environment
where the cross-linking was performed, an unspecific flexibility of the truncated C-terminal end is
conceivable.

Besides these findings, there were no clear indications of a substantial conformational change in
both measurements, with and without Syb2. This suggests that Syb2, within the context of the
Stx1B:Munc18-1 complex, does not induce the opening of the closed conformation of the complex
or initiate a template complex formation on its own.

We then shifted our focus to the Stx1B-?2"" and Stx1BE2'% mutants to investigate whether these
mutations induced any detectable conformational changes that could lead to potential alterations
in binding conformations. Our ITC experiments had already indicated reduced binding affinities
between Munc18-1 and the Stx1B mutants, particularly evident for the E210K mutant, despite both
mutations are not found within the binding interface of Stx1 and Munc18-1 (as per the crystal
structure of the Stx1A:Munc18-1 complex (PDB: 3C98) [140], Chapter 4.4.1). This discrepancy

suggests the possibility of allosteric effects within Stx1B’s structure. The number of intermolecular
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cross-links between Munc18-1 and the Stx1B mutants appeared comparable to those with the wild-
type (total count 25), with Stx1B&2'%K showing two cross-links more (total count 27) and Stx1B-%2'P
three fewer (total count 22).(" Initially, no significant differences were observed in the domains
involved in cross-linking. On Munc18-1's side, domain 1 and domain 3a were predominantly
involved in cross-linking with both Stx1B-?2"" and Stx1BE2'%K while on Stx1B’s side, cross-linked
lysine residues were distributed throughout the entire sequence, akin to the wild-type (Fig. 4.41 A)
and 4.42 A)).

A) B) Intermolecular cross-links

v, gt
St1BYT-Munc18-14T O 181

10 15 2

C)

Munc18-1WT

Figure 4.40: A) Cross-link map shows the sequence positions of the identified intermolecular cross-links between
Munc18-1"T and Stx1BWT. Lysine residues within the sequence are marked in light blue. Intermolecular cross-links
that exceed the distance constraint when mapped onto the structures are colored in red, while those within the
distance constraint are colored in teal. Domain 1 and domain 3a of Munc18-1 are highlighted with grey tones, the
position of the furled loop is shown in brown. XiNET Cross-Linker Viewer was used to create the cross-link map
[288]. B) Venn diagram illustrates the count of individually identified intermolecular cross-links obtained from the
XL-MS measurements of Stx1BYT and Munc18-1"T with (Fig. 4.39 A)) and without Syb2, as well as the overlapping
count of identical intermolecular cross-links detected in both measurements. C) Identified cross-links are mapped
onto the crystal structure of the Stx1:Munc18-1 complex (PDB: 3C98). Missing parts within the structure were
modeled using MoMa-LoopSampler (Barozet et al. (2022) [289]). The sequence of the Stx1A chain in the crystal
structure was adjusted to match the sequence of Stx1B. Lysine residues within the structures are shown as spheres
and those involved in cross-linking are colored in dark blue. Intermolecular cross-links that exceed the distance
constraint are colored in red, while those within the distance constraint are colored in teal (cross-link length can be
found in Appendix Table 7.3).

Comparing the identified cross-links between the mutants and the wild-type revealed 14 identical
cross-links found in all measurements, with substantial overlaps of identical cross-links observed
when comparing two measurements individually (Appendix Fig. 33 and Fig. 4.41 B)). The count
of 19 overlapping intermolecular cross-links was observed between the measurements conducted
with Stx1BWT and Stx1BE?'K whereas only 16 identical cross-links were identified for Stx1BW"T and
Stx1B'??'" (Fig. 4.41 B)). This observation is unsurprising, given the higher total number of

intermolecular cross-links found for Stx1BWT and Stx1BE2'% compared to Stx1B-22'P,

(1) Note that for the measurements with Stx1BYT and Stx1BF?'9K, cross-links were found at least twice in
different XL-MS measurements. For L221P, only a single XL-MS measurement has been performed here.
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Figure 4.41: A) Cross-link maps illustrate intermolecular cross-links between Munc18-1"T and Stx1B-?2'P (top) and
Stx1BE21K (bottom). Lysine residues are marked in light blue. Intermolecular cross-links that exceed the distance
constraint when mapped onto the structures are colored in red, while those within the distance constraint are colored
in teal. Munc18-1 domain 1 and domain 3a are shaded in grey, and the furled loop is shown in brown. Positions of
the L221P mutation (salmon) and E210K mutation (blue) in Stx1B are labeled. Cross-link maps were generated
using XiNET Cross-Linker Viewer [288]. B) Venn diagrams show counts of intermolecular cross-links and overlap
from XL-MS measurements of Stx1BWT (purple), Stx1B-%2'P (salmon), and Stx1BF2'%K (blue) with Munc18-1"T,
C) Box plots display the length dispersion of intermolecular cross-links between Stx1B wild-type and mutants, and
Munc18-1. Overlength cross-links involving the C-terminal K251 of Stx1B were omitted (box plot with all data point
in Appendix Fig. 33 B)). Median and average values are indicated as straight and dashed line, respectively. Grey
dashed line indicates maximum distance constraint. Data were analyzed and plotted using OriginPro-2023
(OriginLab Corporation). D)-E) Identified cross-links from measurements with Stx1B-?2'P (D)) and Stx1BE2'K (E))
are mapped onto the crystal structure of the Stx1:Munc18-1 complex (PDB: 3C98), with missing parts modeled
using MoMa LoopSampler [289]. The sequence of the Stx1A chain in the crystal structure was adjusted to match
the sequence of Stx1B. Lysine residues are represented as spheres, with cross-linking residues in dark blue. Lysine
residues within the structures are shown as spheres and those involved in cross-linking are colored in dark blue.
Intermolecular cross-links that exceed the distance constraint are colored in red, while those within the distance
constraint are colored in teal (cross-link length can be found in Appendix Table 7.3).
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Furthermore, 16 identical intermolecular crosslinks were identified in the measurements with
Stx1BE21K and Stx1BL22'"P. As a result, there was also a considerable number of unique
intermolecular cross-links, potentially suggesting the emergence of new binding sites due to
structural changes. We speculated that structural changes could facilitate the creation of these new
cross-links as potential binding sites draw closer together. Consequently, these distinct cross-links
might appear longer when mapped onto the crystal structure of the wild-type complex conformation
(PDB: 3C98).

Alternatively, it is possible that these newly identified cross-links also simply integrate into the
already discovered binding interfaces and were just not identified in measurements with the
wild-type, which in turn means that no substantial conformational changes have occurred. These
would be characterized by not exceeding the distance constraint.

This was notably observed in the measurement with Stx1B-%2'"P where most intermolecular
cross-links appeared to be within the distance constraints and showed no substantial overlength,
similar to the wild-type, when mapped onto the Stx1:Munc18-1 crystal structure (Fig. 4.41 D)).
For the measurement with Stx1BWT (ignoring the overlength cross-links derived from the flexible
C-terminus of Stx1B), only two cross-links showed a significant overlength, which were found
between K526 (Munc18-1) and K139 as well as K54 (both Stx1B) that have been discussed
before (Fig. 4.40 C)).

Two overlength cross-links for the measurement with Stx1B“%2'"P were found between
K526 (Munc18-1) and K55 (Stx1B) with a length of 46.2 A (Ca-Ca), as well as K120 (Munc18-1)
and K125 (Stx1B) with a length of 44.1 A (Ca-Ca). The former cross-link is similar to one of the
overlength cross-links found in the measurement with Stx1B"T and can be attributed to the flexible
region harboring K526 of Munc18-1 (Fig. 4.41 D)). The latter is a newly identified cross-link
between Stx1B's helix Hc and a helix of Munc18-1’s domain 1 (Fig. 4.41 D)). This may suggest a
conformational change induced by the mutation. However, no other indications can be found,
making the interpretation difficult. Other newly identified cross-links mainly occurred within the
interaction interface and did not exceed the distance constraint. Interestingly, two of these new
cross-links involved K116 (Stx1B) and K332 as well as K339 (both Munc18-1). Both mapped
cross-links traverse through the SNARE motif, particularly close to the L221P mutation
(Fig. 4.41 D)). This suggests that steric hindrance might have prevented their formation in the
wild-type structure. However, the L221P mutation, potentially altering the helix course in the
SNARE motif due to the helix-breaking properties of proline, made these lysine residues more

accessible for cross-link formation.

121



In summary, most of the newly discovered intermolecular cross-links in the measurement with
Stx1B“??'P did not suggest significant conformational changes. They were located within the
interaction interface and did not exceed the distance constraints, indicating minor conformational
alterations (Fig. 4.41 D)). The distance distribution, median, and average cross-link length
remained similar to the wild-type, suggesting that the binding conformation is not much influenced
by the L221P mutation (Fig. 4.41 C)). (V

Strikingly, this was notably different for the measurements with Stx1BE2'%%, Median and average
intermolecular cross-link length were considerably higher compared to the measurements with
Stx1BWT and Stx1B-22'P, displaying new cross-links with longer distances, when mapped onto the
wild-type crystal structure (PDB: 3C98, Fig. 4.41 C), D)).

One of these longer cross-links, already identified in measurements with Stx1B"“T, occurred
between K526 (Munc18-1) and K54 (Stx1B) with a length of 44.7 A (Ca-Ca). This overlength
cross-link is likely due to the flexible region containing K526 of Munc18-1, potentially capturing a
conformation where this region is close to Stx1B, falling below the distance constraint. This trend
echoes the one observed in all measurements involving the Stx1B:Munc18-1 complex.

Another overlength cross-link that has already been found in the measurement with Stx1B-22'?, but
not in the measurement with the wild-type is between K120 (Munc18-1) and K125 (Stx1B,
441 A, Ca-Ca). This cross-link could imply a change in the binding conformation. However, while
hardly any other indications were observed in the measurement with Stx1B?2'P, many indications
of a conformational change can be found in the measurements with Stx1BE21K,

To begin with, there is the longest intermolecular cross-link identified in the measurements with
Stx1BE21%K spanning between K356 (Munc18-1, domain 3a) and K87 (Stx1B, helix Hp) with a length
of 47.0 A (Ca-Ca, Fig. 4.41 E)). This suggests a shift of helix Hp towards helix 12 in domain 3a of
Munc18-1. This is likely only possible if the SNARE motif, which is bound to the Hawe domain, pivots
away. Assuming that the E210K mutation promotes such an opening, as suggested by our ITC
experiments, such a conformational change is conceivable. Additionally, another noteworthy
overlength intermolecular cross-link was found between K294 (Munc18-1) and K116 (Stx1B),
spanning 38.8 A (Ca-Ca, Fig. 4.41 E)), providing further support for the notion of a potential shift
in the entire Hapc domain of Stx1B.

Two additional cross-links indicating a change in binding conformation are the cross-links between
K333 (Munc18-1, domain 3a, loop) and K188 (Stx1B, linker region or start of the SNARE motif)
with a length of 42.0 A (Ca-Ca), and between K321 (Munc18-1, domain 3a, loop) and K93 (Stx1B,
helix Hp) with a length of 31.4 A (Ca-Ca, Fig. 4.41 E)). These cross-links imply the opening of the
furled loop, which could occur if the SNARE motif pivots away due to the E210K mutation, triggering
the opening of Stx1B's closed conformation. This movement could create space for the furled loop

of Munc18-1 to open, bringing the involved Ilysine residues closer together.

(1) For plotting the box plots, overlength cross-links involving Stx1B’s K251 were excluded to provide a clearer
representation of overlength cross-links potentially associated solely with substantial binding conformational
changes, as cross-links with K251 likely arose due to unspecific flexibility of the truncated C-terminal end as
discussed before. Box Plot including all cross-links can be found in Appendix Fig. 33 B).
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Additionally, the latter cross-link implies a shift of Stx1B's helix Hp toward Munc18-1's helix 12,
similar to the previously described cross-link.

The most compelling cross-links, indicating alterations in binding conformation, are situated on the
rear side of the binding interface between Stx1B and Munc18-1 domain 3a. These cross-links
involve K7 (Munc18-1) and both K54 and K139 (Stx1B). Each cross-link scratches the maximum
distance constraint, measuring 31.4 A (Ca-Ca) and 30.6 A (Ca-Ca), respectively. Interestingly,
these cross-links were absent in measurements with Stx1BWT or Stx1B-?2'P, likely because the
lysine residues were slightly too distant in the buffer environment to cross-link with each other.
Connecting the buried N-terminal helix of Munc18-1 with helices Ha and H. of Stx1B, these cross-
links strongly suggest an inward shift of the Ha,c domain into the buried region of Munc18-1.
Consequently, this would also create space for the unfurling of the Munc18-1 loop, when the
SNARE motif pivots away. This would allow for the alignment of the SNARE motifs of Syb2 and
Stx1B for early template complex formation.

In summary, the XL-MS measurements with Munc18-1 and Stx1BE?'%K suggested significant
alterations in the binding conformation of the Stx1B:Munc18-1 complex compared to Stx1B"T and
Stx1B-22'P. While Stx1B“%2'P only showed possible minor conformational changes within the
interaction interface, Stx1B&2'%X displayed a notable increase in median and average intermolecular
cross-link lengths, caused by new cross-links with longer distances. This shift was significant
enough to include points previously classified as outliers within the box plot's whiskers. Notably,
several overlength cross-links were identified, suggesting a potential shift in the entire Hapc domain
of Stx1B closer to Munc18-1. Furthermore, two cross-links suggested a possible opening of the
furled loop, likely facilitated by the E210K mutation-induced movement of the SNARE motif away
from Stx1B's Hape domain (driven by charge repulsion as suggested in Chapter 4.4.1), and
subsequent opening of its closed conformation. The alteration in the binding conformation is further
supported by cross-links indicating a shift of the Hapc domain towards the buried region of Munc18-1.
Consequently, this movement could additionally allow for the unfurling of the Munc18-1 loop,
enabling the alignment of SNARE motifs for early template complex formation. Overall, our results
strongly suggest a substantial alteration in the binding conformation between Munc18-1 and the

Stx1BE21%K mutant compared to the wild-type complex.
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5. Discussion

5.1. Advances in understanding the molecular mechanism of the SNARE
complex formation machinery and the role of Stx1B E210K and L221P
SNAREopathic mutations
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Figure 5.1: Main conclusions and hypothetical model derived from our results for the SNARE complex formation
machinery. A) Stx1BE2'%X causes a charge repulsion between the its Hac domain and SNARE motif, inducing an
open conformation ad affecting binding to Munc18-1. This leads to premature SNARE complex formation, impacting
neural circuits and resulting in epilepsy. B) The L221P mutation of Stx1B affects the structural integrity of its SNARE
motif, destabilizing the SNARE complex and hindering proper formation. This results in less efficient vesicle fusion
and neurotransmitter release, leading to impaired signal transmission and ultimately epilepsy. C) The SNARE motif
of Syb2 aligns with the concave side of the MUN domain of Munc13-1, while the C-terminal JMD interacts with the
C-terminal region of the MUN domain, with both tryptophan residues serving as key anchor points. D) The SNARE
motif of Syb2 can also bind to domain 1 of Munc18-1, potentially serving as an additional binding site during vesicle
docking.
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Our findings add valuable insights into the current model of the SNARE complex formation
machinery (Fig. 1.11). Particularly in relation to the SNAREopathic effects of the two Stx1B
mutations, E210K and L221P, which seem to disrupt the vesicle fusion mechanism through distinct
mechanisms.

Stx1BE?'%K primarily affects its interaction with the orchestrating protein Munc18-1. This mutation
disrupts a salt bridge between the Hane domain and the SNARE motif within Stx1B and likely
induces charge repulsion, prompting a shift from the closed to the open conformation, and
significantly reducing its binding affinity to Munc18-1. As a result, Munc18-1’s regulation of the
autoinhibited, closed state of Stx1B is compromised, making it possibly more prone to premature
SNARE complex formation and neurotransmission (Fig. 5.1 A)). Additionally, the E210K mutation
exhibits a gain-of-function effect by accelerating vesicle fusion.

In contrast, Stx1B-22'" directly affects the stability of the SNARE complex, likely by interfering with
its correct formation. The proline substitution disrupts the structural integrity of the SNARE motif,
possibly compromising the watertight seal of the hydrophobic core of the SNARE complex, thereby
reducing the overall stability. This instability leads to a significant reduction in synaptic vesicle fusion
efficiency (Fig. 5.1 B)). The L221P mutation also shows reduced binding affinity to Munc18-1,
though less pronounced than the E210K mutation.

These conclusions for the Stx1BEF?'%K and Stx1B-??'"P mutants suggest that both mutations
potentially disrupt the delicate balance of signal transduction in the nervous system, leading to the
development of epilepsy.

For the other molecular components involved in SNARE complex formation, we found strong
evidence of an interaction between the juxtamembrane domain (JMD) of Syb2 and the C-terminal
region of the MUN domain of Munc13-1, with both tryptophan residues in the JMD of Syb2 acting
as key anchor points. Additionally, we observed that the SNARE motif of Syb2 likely aligns with the
concave side of the Munc13-MUN (Fig. 5.1 C)). Together, these interactions may facilitate the
proper orientation of Syb2 for SNARE complex formation.

Furthermore, beyond the primary binding site for the Syb2 SNARE motif at the furled loop region
of Munc18-1’s domain 3a, where both the Syb2 and Stx1B SNARE motifs would align to form the
template complex, we identified an additional binding site in domain 1 of Munc18-1. This secondary

site may play a supplementary role in synaptic vesicle docking (Fig. 5.1 D)).

5.2. Evaluating the molecular impact of Stx1BE?'%K and Stx1B.22'"P mutations on

the SNARE complex formation machinery

CD spectroscopy analysis of the individual Stx1B proteins revealed similar thermal stability and a
predominantly helical structure for the wild-type protein and its mutant counterparts. However, the
mutations influenced helicity differently. Stx1BE2'% showed increased helical content, indicated by
more pronounced minima, while Stx1B-%2'P exhibited less pronounced minima, suggesting

reduced helical content compared to the wild-type. While this result was expected for the L221P
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mutant, as proline is known for its helix-disrupting characteristics, it was surprising for the E210K
mutant [247, 248].

The argument that lysine has a high helix-forming propensity is certainly plausible, and the increase
in helical content is further supported by the n£3,4 rule, where the newly introduced lysine can form
a helix-stabilizing interaction with aspartic acid located three positions away (Appendix Fig. 9)
[291]. However, it has to be mentioned that glutamic acid also has a very high helical propensity,
even higher than that of lysine, and is commonly found in a-helices [245, 291]. Therefore, the
differences observed may not necessarily arise from a higher helical content of the protein itself
but could also be due to slight variations in concentrations during the measurements. Nonetheless,
the results were consistent across all measurements.

Another possible explanation is provided by a size exclusion analysis conducted during T. Werk's
master's thesis project (2024), which | supervised. Gel filtration of the individual proteins revealed
that Stx1B-22'P has a similar elution profile to the wild-type, whereas Stx1BF2'%% shows an earlier
elution, indicating a species with a higher molecular weight [292]. Based on the idea that the
E210K mutation causes a charge repulsion to an opposing lysine residue, the resulting binding
disruption of the Hanc domain to the SNARE motif would probably lead to an open conformation of
Stx1B. Afree SNARE motif could result in nonspecific oligomerization with other free SNARE motifs,
leading to high molecular weight species, which are not identifiable in SDS-PAGE as multimers fall
apart there. The formation of multimers could cause previously less structured SNARE motifs to
adopt a strong a-helical structure, thereby increasing the helical content. Furthermore, it remains
unclear how the linker region of Stx1BE2'%K behaves in this case. It is possible that this region also
adopts a more helical structure, which would similarly increase the helical content.

It should also be noted that the differences in the spectra are relatively small. We observed a
difference of approximately 4 mdeg for each minimum between Stx1BF2'% and Stx1B“T and about
2 mdeg for each minimum between Stx1B“?2'"? and Stx1B"'. Much more significant differences
were seen in samples with the InDel mutation of Stx1B, which showed a difference of approximately
60 mdeg for each minimum compared to the wild-type when only the Hapc domains were examined,
and a difference of nearly 30 mdeg for each minimum when looking at the Hanc-SNARE constructs
[178]. Therefore, putting the results into perspective, while the E210K and L221P mutations do
cause differences in the helical structure, these differences are minor.

The observations of varying degrees of helicity also extend to the investigations of the SNARE
complexes formed with the wild-type and mutant proteins (Fig. 4.3 A)). Here, the same tendencies
are observed, with the L221P mutant reducing the helical content and the E210K mutant increasing
it.

It is striking that the E210K mutation still seems to increase the helical content, as the SNARE
motifs should already be in a helical formation, as shown in crystal structures of SNARE complexes
[45]. The aforementioned n+3,4 rule may come into play here, allowing for additional stabilization
of the helical structure. For the SNARE complex formed with L221P, the reduced helicity aligns with

the helix-breaking characteristics of proline, which is not overcome by the formation of the helical
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SNARE complex. The inability to form an a-helical conformation might also affect the other SNARE
motifs of Syb2 and SNAP-25, which present as IDPs when not in complex.

However, these differences in the helical content are also relatively minor, with variations of
approximately 1 mdeg to 3 mdeg.

More significant are the differences in thermal stability, where the SNARE complex formed with the
L221P mutant is significantly less stable than both the wild-type SNARE complex and the one
formed with the E210K mutant, which show similar melting temperatures (Fig. 4.3 B), C)). We
suspect that the L221P mutation interferes with the water-tight sealing of the hydrophobic core near
the zero layer, allowing water molecules to infiltrate the buried region of the SNARE complex. This
influx of water disrupts hydrophobic interactions and dissolves the ionic interactions within the zero
layer.

Despite all this, the melting temperature, with Ty =75.72 £ 0.86 °C, is still very high and well above
normal physiological conditions. However, it is likely that this reduced thermal stability also
translates into physiological impairment. It is conceivable that the L221P mutation affects the
docking mechanism of synaptic vesicles, causing the half-zippered SNARE complexes, which keep
the synaptic vesicles in a release-ready state, to dissolve. As a result, it may prevent the buildup or
reduces the size of the RRP, which is normally important for rapid neurotransmission, high-
frequency signaling, synaptic plasticity, and the overall performance of neural circuits. Its affection
has been shown for other mutants of Stx1B and other proteins of the SNARE complex formation
machinery [123, 141, 178, 293]. And in a cellular environment where NSF and SNAPs strongly
favor complex disassembly, a high stability and integrity of the complex is likely required to prevent
these factors from easily disassembling it [293, 294].

In this regard, it would be interesting to see how a proline mutation would affect SNARE complex
formation and stability if it were located further C-terminal to the zero layer, in the positive layer
region of the SNARE complex. An earlier study has shown that N- to C-terminal zippering must
break through the zero layer to achieve a stable SNARE complex [123]. As the proline residue of
the L221P mutant resides in the negative layer region, it might prevent successful SNARE complex
formation at the presynaptic membrane, as the mutation could hinder the zippering process from
reaching the zero layer (Fig. 4.4). If a proline mutation would be located further C-terminal, it might
still allow for SNARE complex assembly, and such a mutation might not be associated with
SNAREopathies.

The reduced stability of the SNARE complex formed with L221P was also observed in the SDS-
PAGE from the SNARE complex formation assay. The band intensity of the SNARE complex was
significantly reduced, while the band intensity increased for the unbound individual proteins
(Fig. 4.2). This clearly indicates that a SNARE complex formed with L221P is unable to sustain the
SDS environment, in contrast to the wild-type and E210K counterparts. The weak point introduced
by the L221P mutation likely allows the SDS buffer to effectively dissolve the complex.
Interestingly, an additional band for the t-SNARE complex was visible in the SNARE complex

formation assay with the wild-type SNARE motif, which was significantly less intense for both
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mutants. Earlier studies have shown that Stx1 form a complex with SNAP-25, which is thought to
prepare a platform at the presynaptic membrane awaiting the arrival of Syb2 for form the ternary
SNARE complex with the assistance of Munc18-1 [81, 295, 296]. Strikingly, both the E210K and
L221P mutations seem to render the SNARE motif of Stx1B incapable of forming this t-SNARE
complex with SNAP-25 or reduce its stability, making it not SDS-stable.

For the L221P mutant, the reason could be similar to the destabilized ternary SNARE complex; the
introduction of the proline residue might disturb the helical alignment of the SNARE motifs by
disrupting the conformation of the a-helix in the SNARE motif of Stx1B. On the other hand, the
E210K mutation is particularly intriguing as it does not interfere with the stability or integrity of the
ternary SNARE complex. Furthermore, the position of this mutation neither directly substitutes a
hydrophobic layer residue nor does the side chain point inward into the buried region of the SNARE
complex. This suggests that the binary complex of Stx1B and SNAP-25 adopts a structure very
different from the ternary complex, where position E210 plays a more central role in the interaction
between the SNARE motifs of Stx1B and SNAP-25. Unfortunately, no solved structure of the
synaptic t-SNARE complex exists, only a study by Jakhanwal et al. on the Stx1:SNAP25:Munc18-1
complex where cross-links indicate that the structure of the Stx1:SNAP-25:Munc18-1 complex is
different from that of the binary Stx1:Munc18-1 complex and that Stx1 likely adopts an open

conformation [296].

5.4. The Critical Role of the K82-E210 Salt Bridge in Stx1B's Binding to Munc18-1

The critical role of the salt bridge between K82 and E210 of Stx1B was confirmed by experiments
of T. Werk (2024), where we inverted only the charge of the side chain at position 82, creating
Stx1BX8E as a control mutant [292]. Pull-down assays and ITC experiments revealed a similarly
reduced binding towards Munc18-1 as observed with Stx1BE2'%K with binding affinity in the
micromolar range [292]. This strongly indicates that the intramolecular charge repulsion between
the residues at positions 82 and 210 is indeed responsible for the reduced binding to Munc18-1,
underscoring the importance of that salt-bridge.

Experiments focusing on the neighboring lysine residue at position 83 of Stx1B have shown no
rescue effect on the E210K mutation. On the contrary, the binding of Stx1BE210KK8&E to Munc18-1
was completely abolished (Fig. 4.12). Only the Stx1BXKEE mutant, which involves the crucial
position 82, could rescue the binding. Strikingly, Stx1BE219KK83E reyvealed also a lower thermal
stability compared to the rescue mutant and a significantly reduced helicity, indicating a structural
affection of Stx1B by this mutant. This was surprising as we did not find any evidence of structural
stability involvement of lysine at position 83, neither from the Stx1A crystal structure nor in an
AlphaFold 3 complex prediction, as it points away from any potentially opposing intramolecular
residues (Fig. 4.11 and Fig. 5.3).

Interestingly, when we performed ITC measurements with Stx1BX&E in the context of T. Werk’s
master thesis (2024), however, the binding affinity towards Munc18-1 was found to be as
diminished as for Stx1BX82E, displaying a Kp-value of 35.8 + 3.90 uM [292]. Since the K83E mutation
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did not lead to a rescue effect in the context of the E210K mutant, it can be assumed that the K83E
mutation might follow a different mechanism that also disrupts binding to Munc18-1. This could
explain why the binding of Stx1BE?10KK83E to Munc18-1 is completely diminished; when two
binding-weakening mutations act through different mechanisms, their combined effect can
completely abolish binding. The structural influence of the simultaneous mutations was also
reflected in a substantially reduced helical content and significantly reduced thermal
stability (Fig. 4.13).

@ “@>. Munc18-1

L

Figure 5.3: A) AlphaFold 3 structure of the Stx1B:Munc18-1 complex [297]. The model shows a similar structure to
the Stx1A:Munc18-1 crystal structure (PDB: 3C98, Fig. 4.11). The lysine residue at position 83 is not involved in a
salt bridge-interaction and points away from possible interaction partners.

Given the assumption that the charge repulsion in the epilepsy-relevant Stx1BF2'K mutant
potentially prevents the autoinhibitory Han,c domain from binding to the SNARE motif, it is
conceivable that Stx1BE2'° maybe adopts an open conformation. Therefore, a functional
comparison with the LE/AA mutant of Stx1, which is known to facilitate an open conformation of
Stx1, would be interesting in this context [66]. The LE/AA mutant can partially mitigate the severe
phenotypes observed in C. elegans lacking Unc13, the invertebrate homolog of Munc13-1.
Furthermore, it bypasses the requirement of Munc13-1, but not Munc18-1 for liposome fusion [298,
299]. Additionally, the Stx1 LE/AA mutation has been shown to increase the vesicular release
probability in mice [300]. This suggests that the energy barriers to SNARE complex formation are
lowered by LE/AA mutation, likely due to the constant availability of the SNARE motif in its triggered
open conformation, bypassing the necessary conformational changes facilitated by the
orchestrating proteins Munc18-1 and Munc13-1 under wild-type conditions [84]. If Stx1BE210K
functions similarly, it is understandable why this mutant triggers SNAREopathies, as bypassing
highly controlled mechanisms can affect the delicate balance of signal transduction in the nervous
system.

In this context, it should be emphasized that the binding mode between Stx1BE?'%K and Munc18-1
differs significantly from that of the wild-type and Stx1B??'P. The latter two exhibit enthalpy-driven

binding, whereas the interaction between Stx1BE2'°%€ and Munc18-1 is driven by entropy. This
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means the binding process is mainly associated with an increase in disorder within the system,
typically due to significant hydrophobic interactions. When hydrophobic regions come together,
water molecules that were previously ordered around these surfaces are released into the bulk
solvent, increasing entropy [301]. This aligns with the fact that binding can induce favorable
conformational changes, bringing previously distant regions into proximity. This conformational
flexibility could also contribute to the entropy increase [302, 303].

Based on this and the known data, we can speculate about the exact nature of the binding process
between Munc18-1 and Stx1BF?'%K. One possibility is that Stx1BE2'9K jnitially in an open
conformation due to charge repulsion, is forced into a closed conformation by Munc18-1. This could
result in the formation of a hydrophobic core between the SNARE motif and the Han: domain,
displacing water molecules and increasing entropy. Alternatively, a conformational change might
occur in Munc18-1, where the furled loop unfolds and aligns with the free SNARE motif of the open
conformation of Stx1BE2'%K_Apart from this, another entirely different binding conformation is also
conceivable. To explore this, we need more detailed structural information to provide a direct
impression of the binding conformations. One method to achieve this is cross-linking

mass spectrometry, which will be discussed in more detail later on.

5.5. Evaluating the functional integration and the impact of Stx1B mutants in

zebrafish models

A particularly compelling argument for the functionality of the constructed Stx1BE210KK82E mytant is
that the rescue effect also succeeded in our in vivo experiments with zebrafish larvae. This success
demonstrates that the rescue mechanism functions effectively in a natural synaptic environment,
not just in the artificial in vitro conditions.

Zebrafish (Danio rerio) were chosen for their high genetic homology with humans, transparent
bodies, and ease of genetic manipulation. Furthermore, they have only simple breeding and
maintenance requirements, exhibit high fertility, and display rapid external development [304-306].
Because of these advantages, zebrafish have become increasingly popular as a model for
investigating various human diseases, including cancer, cardiovascular disease, and metabolic
disorders, but especially neurodevelopmental disorders over the past two decades [307, 308].
Despite their simplicity, the zebrafish central nervous system includes several conserved
subcortical and cortical structures, with neurons and connections similar to those in humans. The
zebrafish brain is divided into the forebrain, midbrain, and hindbrain/spinal cord, with further
subdivisions forming structures like the pallium, subpallium, thalamus, and cerebellum [309].
Additionally, most neurotransmitters and the neuropeptidergic system are highly similar between
zebrafish and humans, making them an excellent model for investigating human neurological
diseases [310]. For this reason, the findings obtained from experiments with zebrafish can likely be
well extrapolated to humans.

In epilepsy research, zebrafish offer several key benefits, including the ability to conduct

high-throughput behavioral analysis using automated video tracking systems, perform
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electroencephalographic (EEG) or local field potential (LFP) recordings in both larval and adult fish,
and carry out in vivo brain imaging with activity-dependent bioluminescent/fluorescent reporters
[256-260].

Zebrafish have gained further prominence as models for specific diseases due to advancements
in gene editing tools like TALENs and CRISPR/Cas9, enabling targeted mutations efficiently [311,
312]. The availability of extensive gene expression data and numerous mutant and transgenic
strains further enhances their utility in neurobiological research [313]. Their transparency and small
brain size make them ideal for monitoring brain activity with techniques like calcium imaging and
two-photon microscopy [314]. Additionally, zebrafish are valuable for neurobehavioral studies, as
larvae display quantifiable behaviors that can be monitored through video tracking. While larval
models are useful, it is important to consider their developing neural systems, which may limit some
aspects of neurological disorder studies. Adult zebrafish, with fully developed and complex brain
functions, could also offer significant benefits [315].

In this work, we used the Tol2 transposon system to introduce human Stx1BWT, Stx1B-221P,
Stx1BE210K and Stx1BE210KK8&2E jnto zebrafish genomes, with successful integration confirmed by
mCherry fluorescence. This system offers several advantages, including efficient and stable
transgenesis, versatility in accommodating large DNA fragments, and minimal position effects. This
system is highly efficient for inserting transgenes into the zebrafish genome, facilitating stable
integration and high germline transmission rates [316]. Transgenes introduced via the Tol2 system
are stably integrated, leading to consistent and heritable gene expression. It can accommodate
large DNA fragments, allowing for the introduction of complete gene constructs, including regulatory
elements that ensure proper expression in the appropriate tissues [317]. Additionally, as a non-viral
method, it avoids potential complications associated with viral vectors, such as immune responses
or insertional mutagenesis [316].

However, the Tol2 transposon system also presents challenges such as random integration,
potential mosaicism, risk of insertional mutagenesis, possible transgene silencing, and variability
in transgene copy number [318]. Random integration can sometimes disrupt endogenous genes or
regulatory elements, potentially causing unwanted mutations or gene expression changes that
could confound experimental results [318]. Transgene microinjection at one-cell stage can result in
mosaicism, where only a subset of cells contains the transgene, complicating analyses and
requiring additional generations to establish stable, fully transgenic lines [244]. While less common
than with viral vectors, there is still a risk of insertional mutagenesis, where the integration disrupts
essential genes, potentially leading to deleterious phenotypes or lethality [317]. Additionally, the
number of transgene copies integrated into the genome can vary, leading to differences in
expression levels between individual transgenic lines [316]. In this regard, also cis-regulatory
elements near the integration sites might have an effect on the transcriptional activity [319].

To check whether the integration of the foreign human Stx1B constructs had any impact on the
healthy development of the zebrafish, the larvae were examined at 3 and 5 days post-fertilization

(dpf) for morphological abnormalities and epileptiform activities using local field potential (LFP)
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recordings. All transgenic zebrafish larvae exhibited normal development with no visible
morphological abnormalities, including heart and swim bladder development, indicating that the
introduction of the human Stx1B variants did not adversely affect the overall physical development
of the zebrafish. This suggests that the genetic modifications were successfully integrated and
expressed without causing detrimental morphological effects, which is a crucial consideration when
assessing the viability and potential impact of these genetic interventions in vivo. Thus, it can be
assumed that the random integration did not disrupt crucial endogenous genes or regulatory
elements, at least for the larvae that survived and continued to develop.

In terms of neurological function, LFP recordings at 5 dpf revealed that almost all larvae injected
with human Stx1B"T exhibited baseline activity with close to none epileptiform events, indicating
no adverse neurological impact, meaning that the introduction of the wild-type human Stx1B does
not negatively impact the neurological function of zebrafish larvae. However, it is important to note
that these experiments were conducted against the background of the endogenous Stx1B wild-type
gene. Although the expression of the constructs can be confirmed by mCherry fluorescence, it
remains debatable how well the expressed human Stx1B constructs integrate into the SNARE
complex formation machinery of the zebrafish larvae. It is possible that while the constructs
introduced by the Tol2 transposon system are expressed, they may not be functionally integrated
at the synapse.

However, based on the neurological (dys)functions observed in zebrafish expressing the mutant
human Stx1B constructs, the functional integration into the SNARE complex formation machinery
of the zebrafish is indeed likely. Larvae expressing Stx1B-22'" exhibited the highest number of ictal
discharges, characterized by mild but frequent seizures. In contrast, larvae expressing Stx1BE219K
showed fewer but significantly stronger seizures, often accompanied by aftershock events. The
Stx1BE210KK82E mutant displayed rescue effects, with seizure activity similar to wild-type,
characterized by low amplitude and short duration. Nevertheless, it could be argued that the
neurological abnormalities might have arisen from poor genetic integration of the human Stx1B
constructs by the Tol2 transposon system. Given the statistical comparison to the wild-type,
however, this seems unlikely. It is more probable that the mutant human constructs negatively
impact the SNARE complex formation machinery in the zebrafish larvae.

To further understand these dynamics, it would be interesting to investigate how the expression of
human Stx1B constructs, both wild-type and mutants, affects the expression of endogenous Stx1B.
This raises questions about whether endogenous expression remains constant, is reduced, or is
increased. Additionally, exploring whether the human Stx1B and endogenous Stx1B constructs
compete for integration into the SNARE complex formation machinery, or if one is preferentially
incorporated due to certain factors, is worthwhile. Measurements with the mutant human constructs
showed some individuals that did not exhibit any epileptic discharges during the measurement
period, possibly because the endogenous wild-type Stx1B partially compensates
(Appendix Fig. 17). However, it must be noted that the measurement time frame is relatively short,

meaning that seizing events could have been missed. Extending the measurement time is also
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inadvisable, as the implanted electrode could cause trauma, increasing artificial seizing events
unrelated to the mutant effects.

A method to reduce the concentration of endogenous Stx1B is the usage of morpholinos. In an
earlier study by Schubert et al. (2014), zebrafish experiments were also conducted regarding
mutations of Stx1B [181]. In this study, a functional knockdown of stx1b was achieved by the
application of morpholinos, mimicking a loss-of-function by interfering with protein expression. A
50% reduction in Stx1b led to abnormal behaviors and LFP events at 5 dpf, including a lack of
touch response in 40% of larvae, increased jaw and pectoral fin movements, and myoclonus-like
jerks [181]. LFP recordings from the optic tectum showed that stx1b knockdown induced
paroxysmal events in 45% of morphants, averaging 12.9 events per 10 min with a mean duration
of 100 milliseconds. These events included polyspiking discharges and high-frequency oscillations
(HFOs). A moderate temperature increase to 31.5 °C induced seizures in both morphants and
controls, but morphants were more sensitive, showing a higher frequency and duration of
paroxysmal events [181].

Co-injection of wild-type human Stx1B also via the Tol2 transposon system rescued the epileptic
phenotype, reducing both the number and duration of paroxysmal events. Conversely, human
Stx1BV2'6E did not rescue the phenotype, with similar seizure activity observed in both the
knockdown and mutant groups. These results indicate that the observed phenotypes are due to
stx1b knockdown and not off-target MO effects [181].

Nonetheless, it must be emphasized that morpholinos are no longer considered state of the art and
are avoided in modern studies due to their numerous off-target effects, which can erode the validity
of experimental conclusions [320]. The most optimal approach would be to directly edit the genome
to mutate the endogenous Stx1B accordingly. Modern gene-editing methods such as
CRISPR/Cas9 are suitable for this purpose. However, generating stable lines takes a considerable
amount of effort and time, which is why we opted for the simpler implementation of expressing
human Stx1B via the Tol2 transposon system for these experiments.

Observing how zebrafish with a stx7b-null background behave when they receive the human Stx1B
constructs via the Tol2 transposon system would be quite informative. However, generating
individuals with a pure stx7b-null background poses significant challenges, as they do not survive
beyond 10 dpf due to their inability to feed. Therefore, a stable mutant line must always be
maintained as a parental heterozygous population.

This approach was applied for the assessment of behavioral function through touch response
experiments at 3 dpf. The touch response in zebrafish is a simple, quantifiable behavior that
provides valuable insights into neurological function, seizure activity, and the effects of genetic
mutations and potential antiepileptic drugs, making it a useful tool for epilepsy research. This non-
invasive and ethical approach facilitates high-throughput screening and developmental studies
[307]. The touch response in zebrafish is mediated by mechanosensory neurons, specifically
Rohon-Beard neurons in the dorsal spinal cord and trigeminal sensory neurons in the head, which

detect mechanical stimuli and relay this information to the central nervous system [321, 322].
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Epileptic seizure zebrafish models often show no touch response because seizures disrupt normal
neuronal activity and sensory processing. During seizures, the excessive and abnormal electrical
activity in the brain can impair the function of sensory neurons and neural circuits responsible for
touch perception, leading to a diminished or absent response to tactile stimuli [307].

Larvae injected with Stx1B"T showed a significant increase in the proportion of touch-responsive
larvae in a stx1b-null background, from around 75% to around 87.3%, indicating partial rescue of
sensory and motor functions. This strongly suggests that the wild-type construct is compatible with
the zebrafish's nervous system and is integrated into the SNARE complex formation machinery,
restoring neurotransmitter release. Interestingly, larvae expressing Stx1B-??'" showed a similar
partial rescue effect, while those injected with Stx1B&2'%X exhibited no significant rescue effect and
slightly increased non-responsive larvae.

The fact that Stx1B-22'P also partially restores motor response function indicates that this Stx1B
construct functionally integrates into the neurotransmitter release machinery. However, its function
restoration is counterintuitive, given that Stx1B-?2'P exhibited the highest number of ictal discharges
and has been characterized as a dysfunctional mutant in other experiments in this study.
Nevertheless, it must be noted that the nature of the touch response test allows only a binary
outcome: either a touch response is present or not. Fine distinctions, such as the distance
individuals swim after the touch or whether they remain responsive immediately after the initial
touch, are not considered in this assessment. Therefore, it is possible that while Stx1B-%2'P restores
the touch response, it may not be as effective in fully restoring motor functions compared to
Stx1BWT. A more detailed examination with an adjusted experimental approach might be
appropriate to investigate this further.

Since Stx1BF2'K pehaves significantly differently in the touch response compared to the
L221P mutation, it is evident that both mutants affect the SNARE complex formation machinery in
distinct ways. For the E210K mutant, it appears that it cannot restore the function of the SNARE
complex formation machinery. The reason could either be that it is not compatible with the other
zebrafish proteins in the machinery, which is unlikely, or that it is not properly integrated into the
presynaptic functional apparatus. Given the nature of the E210K mutant with its intramolecular
charge repulsion, it is quite possible that the free SNARE motif leads to oligomerization, resulting
in a non-functional clustering of the protein, which cannot maintain neurotransmitter release.

The Stx1BE210KK82E mytant, on the other hand, partially rescued the negative effect of Stx1BE219K,
reducing the proportion of non-responsive larvae to about 20%. This clearly suggests that the
negative effect of the E210K mutant is not due to poor integration into the presynaptic sites but
rather caused by the specific alteration of its functional properties, which are partially mitigated by
the rescue mutation.

In conclusion, the Stx1BWT and Stx1BE210KK82E mytants were effective in rescuing both neurological
and motor sensory functions to near wild-type levels in vivo. The Stx1B-22'"P mutant induced
frequent mild seizures but partially compensated for sensory and motor deficits. The Stx1BE210K

mutant caused strong, intense seizures with limited rescue of motor sensory function. The study
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underscores the utility of zebrafish as a model for epilepsy research, providing insights into the

neurological impact of specific Stx1B mutations and potential avenues for therapeutic intervention.

5.3. Functional impacts of Stx1B mutations on SNARE complex formation and

membrane fusion

Plausibly, the reduced stability of the SNARE complex caused by the L221P mutation also
translates into a diminished capability to facilitate membrane fusion, as shown in the liposome
fusion assay. Fusion reactions conducted with Stx1BSNARE-L221P regched a lower signal intensity
compared to the wild-type within the measured time frame, indicating that the mutant SNARE motif
facilitates liposome membrane fusion less efficiently. Surprisingly, experiments conducted with
Stx1BSNARE-E210K gchijeved a higher signal intensity compared to the wild-type within the same time
frame (Fig. 4.6). Notably, the E210K mutant reaches a linear saturation plateau much faster, while
the wild-type and L221P mutant still show an increase in signal intensity. This indicates that the
reaction with the E210K mutant seems to be completed, whereas the reactions with the other two
are still ongoing within the measured time frame. It would have been interesting to see how much
further the signal intensity would increase for the wild-type and the L221P mutant to determine if
the signal intensity achieved by the E210K mutant would be surpassed by its counterparts. This
would indicate whether relatively more liposomes would have fused, albeit at a slower rate.

The less effective SNARE complex formation and the resulting slower liposome fusion were evident
in the kinetic quantification. Both the half-maximum fusion time and the initial fusion velocity
indicated that the L221P mutant displayed significantly less effective liposome fusion compared to
the wild-type and the E210K mutant. This suggests that vesicle fusion with the presynaptic
membrane in axon terminals is also less effective and slower due to the L221P mutation in Stx1B.
The slowed vesicle fusion could lead to a lower release of neurotransmitters, causing the action
potential on the postsynaptic side to be smaller, triggered too late, or not triggered at all, thus
affecting neuronal communication [323].

In contrast, an apparent gain-of-function effect of the E210K SNARE complex formation was
evident in the kinetic quantification. Both the half-maximum fusion time and the initial fusion velocity
showed that the E210K mutant displayed more efficient liposome fusion compared to the wild-type,
although the differences were not significant. A gain-of-function effect in synaptic neurotransmission
can be harmful, as it could lead to excessive release of neurotransmitters, disrupting the balance
between excitatory and inhibitory signals in the brain. This disruption can cause hyperexcitability of
neurons, potentially resulting in epilepsy. Additionally, heightened activity can lead to cellular stress,
neurodegeneration, and cognitive impairments due to abnormal functioning and connectivity of
synapses [324-326].

In an earlier study, Lammertse et al. have shown that a homozygous Munc18-1-446F mutation, which
leads to a severe form of epileptic encephalopathy, increases vesicular release probability and the
degree of short-term depression [326]. These features have also been observed for Stx1BV216E,

another SNAREopathic mutation, in an earlier study of ours, indicating that a gain-of-function
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mutation may be present there as well [178]. While Munc18-1-446F also results in enhanced
Ca?* neurotransmitter release, unlike Stx1BV2'6E it is notable that both mutants alter short-term
plasticity, a feature also observed in Munc18-1*- neurons [73]. Notably, individuals who are
heterozygous for the Munc18-1-446F mutation do not exhibit any disease symptoms [326]. This
highlights the complex nature of gain-of-function mutations and their varied impact on synaptic
function and neurological health.

In light of these findings, it would be intriguing to perform experiments in mouse neurons with the
Stx1B mutations investigated here. By doing so, it may be possible to determine if these mutations
influence the RRP, vesicular release probability (Pvr), paired-pulse ratio (PPR), and excitatory
postsynaptic current (EPSC), as we did in our earlier study [178]. Additionally, it would be valuable
to observe their impact on the cellular protein levels of interaction partners, particularly Munc18-1.
However, the question remains as to why Stx1BE2'K exhibits a gain-of-function effect on liposome
fusion. While we have attempted to explain this through a possible clustering effect caused by the
E210K mutation, we lack evidence to confirm that it is indeed related to membrane interaction. In
this context, it might be conceivable to conduct another experiment where the formation of SNARE
complexes is performed in the absence of membranes, as done in other studies [69, 84, 123, 145].
A FRET assay could be conducted in such a setup, with donor and acceptor FRET labels attached
to the C-terminus of two SNARE maoitifs, such as Stx1B and Syb2, to measure the speed of SNARE
complex formation. If no differences are found in the kinetics between the mutant and Stx1B, it is
likely that membrane interaction plays an important role.

Another question we need to address at this point is the stability of the AN-SNARE complex formed
with the L221P mutant. Based on the crystal structure of the SNARE complex, the truncated
N-terminus of Syb2 coincides with the affected L221P mutation site of Stx1B (Fig. 5.2). In contrast,
the E210K mutation site is located further N-terminal and does not overlap with this region.
Therefore, it is reasonable to assume that the stability and, consequently, the functionality of the
AN-SNARE complex might already be compromised, which in turn could lead to less effective
liposome fusion. This hypothesis could be tested by strategically positioning FRET labels to
measure the stability of the complex. Nonetheless, it is evident that the L221P mutation significantly
impacts the stability and functionality of SNARE complexes.

It should be noted that we monitored liposome fusion solely through lipid mixing, assuming that
complete membrane fusion occurred. However, it is possible that only hemifusion took place, where
only the outer leaflets of the lipid bilayers merge, allowing lipid exchange while keeping the inner
layers distinct and separate [113, 116, 327]. Thus, performing a liposome fusion assay focused on
content fusion might be plausible. This method detects the mixing of internal vesicle contents,
providing direct evidence of full membrane fusion and offering a more accurate indicator of
functional fusion events relevant for processes like neurotransmitter release [328].

However, setting up a content mixing assay is more complex, requiring the encapsulation of
fluorescent dyes or other markers within the vesicles. Additionally, it may not be as sensitive to the

initial steps of the fusion process, potentially missing early fusion intermediates detectable by lipid
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mixing assays, which would not allow for precise initial fusion velocity measurements, as obtained
from lipid mixing in our experiments [328, 329]. Therefore, for a comprehensive understanding, it
might be useful to use both assays in tandem or even simultaneously [329]. Lipid mixing assays
elucidate initial fusion kinetics, while content mixing assays confirm the occurrence of complete
fusion events.

On another note, it would be worthwhile to test whether the application of liposomes of different
sizes affects membrane fusion. Specifically, it might be insightful to place the AN-SNARE complex
onto a giant unilamellar vesicle (GUV) and the full-length Syb2 construct onto a small unilamellar

vesicle (SUV) to mimic the membrane curvature conditions at the presynapse.

Layer -7 -6 -5 -4 -3 -2 -1 0 +1+2 +3 +4+5+6 +7 +8

truncated N-terminus

Figure 5.2: Possible model of a AN-SNARE complex based on the crystal structure of the SNARE complex
(PDB: 3HD7). The truncated N-terminal end of Syb2 still includes the stabilizing zero layer and overlaps with the
L221P mutation site of Stx1B. E210K is not located within the interaction region.

In the assay described in this work, we only used the SNARE-TMR constructs of Stx1B, which lack
the Hapnc domain. Therefore, it would also be interesting to see how the full-length constructs of
Stx1B wild-type and mutants behave. These full-length membrane proteins were purified during the
master's thesis of A. Reklos (2023), which | supervised [330]. Interestingly, the full-length
membrane proteins were significantly easier to handle than their SNARE-TMR construct
counterparts. It can be assumed that the cytoplasmic Hane domain significantly increased the
solubility of the full-length Stx1B protein in aqueous buffers [330].

When using the full-length constructs, it would be necessary to reconsider the experimental design,
as the prior formation of the AN-SNARE complex might exclude any effects regarding the
Habe domain from the outset, probably leading to similar experimental outcomes. In this context,
only the efficiency of the formation of the AN-SNARE complex would differ, which would not be
particularly interesting for our investigations, as AN-SNARE complex formation does not reflect
natural SNARE complex formation. Here, conclusions could only be drawn about whether the
formation of the AN-SNARE complex is influenced by an affected Hapnc domain binding to the
SNARE motif. It is conceivable that if the E210K mutation disrupts the Hane domain binding to the
SNARE motif, it could lead to a faster AN-SNARE complex formation due to the abolition of the
autoinhibitory effect of the Hape domain.

In a newly designed assay adapted for the full-length constructs, the inclusion of the orchestrating
proteins Munc18-1 and Munc13-1 should be considered, as has been done in earlier studies [69,

123, 167]. In this setup, no AN-SNARE complex would be pre-formed. Instead, the focus would be
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on the complex formation of Stx1B with Munc18-1, where the MUN domain of Munc13-1 would
catalyze the SNARE complex formation.

Based on the data from the pull-down assays and ITC measurements, however, we would directly
encounter another phenomenon: the reduced binding affinity of the Stx1B mutants to Munc18-1,
particularly evident for the E210K mutation. Both experiments have demonstrated that the binding
to Munc18-1, whether endogenous from mouse brain or recombinant, is significantly affected by
the Stx1B mutations, with a ~20-fold reduction in binding affinity for Stx1B-?2'"" and a ~100-fold
reduction for Stx1B&2'%% compared to the wild-type. Reduced binding affinities of epilepsy-related
Stx1B mutations have been observed before in our earlier study, with Stx1B%226R displaying a
~60-fold decrease and a ~5-fold decrease for Stx1BV2'6E, but none appear to influence binding
affinity as strongly as the E210K mutation [178]. This is particularly interesting as both the L221P
and E210K mutations are not located in the direct interaction interface between Stx1B and
Munc18-1, whereas the G226R and V216E mutations are. Therefore, it is likely that there must be
an indirect effect on the binding caused by these two mutants.

The rescue of binding affinity towards Munc18-1 by the charge reversion mutant Stx1BE210KK82E
strongly suggests that the salt bridge between the glutamic acid residue at position 210 and the
lysine residue at position 82 is crucial for binding to Munc18-1. This importance likely stems from
the essential role of the salt bridge in maintaining the stable binding of the Hanc domain to the
SNARE motif in the closed conformation of the wild-type. This correlation is logical since Munc18-1
primarily binds Stx1B in its autoinhibited state, functioning as a chaperone for Stx1B [140, 145,
331]. Therefore, it is conceivable that the proline mutation in Stx1B-?2'P also leads to a sufficiently
strong conformational change, affecting the specific binding between Stx1B and Munc18-1.

In this context, it would be sensible to assess how these mutations affect the equilibrium between
the open and closed conformations of Stx1B, both with and without the addition of Munc18-1, and
whether the mutations favor the open conformation. To achieve this, FRET labels could be attached
to opposing positions on the Hapc domain and the SNARE motif, allowing fluorescence intensity and
FRET efficiency to be measured, as demonstrated in a study by Lee et al. [144].

Furthermore, it might be interesting to examine whether the binding affinities of the Hapc domain to
the SNARE motif are indeed affected by the mutations. This could be done using ITC or
NMR spectroscopy with °N labeling of the Ha,. domain, as the SNARE motif is likely to
unstructured, which would result in a poorly resolved NMR spectrum. The NMR analysis of the
closed conformation of Stx1 by Chen et al. could be used as a foundation [332]. We initiated these
experiments in the master's thesis project of A. Reklos (2023) but were unable to obtain a
well-resolved NMR spectrum of the Hane domain [330]. This was likely due to the use of a construct
of the Hanc domain that included the linker region at its C-terminal end. This linker region is known
to exhibit some flexibility, as it undergoes conformational changes for the SNARE complex
formation [70]. This flexibility was likely even more pronounced when the SNARE motif was not
attached, as it typically binds to the Ha,c domain. As a result, the spectrum showed many

overlapping peaks in the center, making it difficult to assign or detect clear indications of SNARE
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binding. Peak shifts that occurred were mostly due to different pH levels of the measured samples
[330]. Therefore, it would be worth repeating the experiments with a shorter construct omitting the

linker region and stricter control of the pH.

5.6. Insights and limits of investigating the interaction of Syb2 and Munc13-MUN
via NMR

While the interaction between Stx1B and Munc18-1 provides the crucial platform for SNARE
complex formation and introduces the necessary energy barriers through conformational changes
essential for an orderly and finely tuned neurotransmitter release, it represents only one part of the
SNARE complex formation machinery. The other part is characterized by the SNARE protein Syb2
and the orchestrating protein Munc13-1. While Syb2 provides the anchor point to the vesicle
membrane, Mun13-1 bridges both, the presynaptic and the vesicle membrane with its peripheral
C4, C2B and C,C domains (Fig. 1.11). In contrast, the MUN domain is attributed with functional
relevance for SNARE complex formation. Here we analyzed the interactions between Syb2 and
Munc13-MUN via NMR spectroscopy. The spectra of '*N-labeled Syb2 are characteristic of an
intrinsically disordered protein (IDP) but suggest a partially structured region in the C-terminal JMD.
IDPs present several challenges in NMR spectroscopy due to their lack of a stable, well-defined
structure. As in the recorded 'H-SN-HSQC spectra of '*N-labeled Syb2, they often have numerous
overlapping cross-peaks in the center of the spectra because their amino acid residues experience
a not well defined chemical environment, making it difficult to assign cross-peaks to specific
residues accurately [261].

We improved the quality of the spectrum by lowering the measurement temperature to reduce
chemical exchange and thus avoid cross-peak broadening of Syb2. Additionally, we decreased the
pH to enhance protonation. However, many overlapping cross-peaks remained in the center of the
spectra, making it difficult to completely transfer assignments from Ellena et al.
(BMRB entry 16514) [110].

In their experiments, Ellena et al. measured full-length Syb2 in dodecyphosphocholine (DPC)
micelles and found two transient helical segments which were flanked by natively disordered
regions, while the transmembrane region (TMR) forms a third more stable a-helix. The N-terminal
transient helical segment was likely induced by the interaction with the membrane-mimicking
detergent DPC [110].

These results were also confirmed by a later study of Koo et al. who also used a shorter construct
of Syb2, lacking the TMR [262]. They showed that the addition of DPC caused general increase in
signal intensity and the occurrence of additional, as well as more pronounced, helical segments,
including a part of the N-terminal SNARE motif.

In our binding experiments, we did not add detergents, as our Syb2 construct does not include the
TMR. Moreover, we focused on the C-terminal binding of Syb2 to Munc13-MUN, which has been
suggested by other studies [123, 127].

139



In order to obtain a full assignment of all cross-peaks, we could have attempted a complete
assignment using '*C-°N labeling. However, the overall coverage provided by the transferred
assignments seemed sufficient for the experiments as the C-terminal part was well covered.
Additionally, assigning peaks for IDPs is particularly challenging due to the numerous peak overlaps
caused by their unrigid structure.

Another approach to improve the limited resolution in the 'H dimension would be a
2D-carbon-detected 3C-N-CON measurement, as the '3C carbonyl offers better resolution. This
method also allows for the detection of proline residues, which is particularly advantageous for
Syb2, given its high number of proline residues, especially in the N-terminal region.

Analysis of the cross-peak intensities of '®N-labeled Syb2 indicated that the C-terminal JMD of
Syb2 is primarily responsible for binding to the Munc13-MUN domain. We tracked the binding
through Syb2 cross-peak broadening in the presence of Munc13-MUN. The reasons we observed
only cross-peak broadening of Syb2 instead of cross-peak shifts could be due to the substantial
size of the binding partner, Munc13-MUN, which is nearly six times larger, resulting in slower
tumbling rates and increased transverse relaxation rates of the nuclei, leading to broader
cross-peaks in the NMR spectrum [333]. Additionally, the binding is likely characterized by an
intermediate exchange, indicating a moderate binding strength. This was confirmed by titration
experiments, which revealed an intermediate binding affinity in the micromolar range.

It is important to note, however, that determining the Kp value using titration experiments in NMR
is typically done through cross-peak shifts rather than cross-peak broadening, as cross-peak
intensities can be influenced not only by binding but also by changes in the dynamics of the
molecule. Alternative methods such as ITC, could be used to confirm the obtained Kp values. Yet,
this method of determining affinity through cross-peak intensities in NMR has also been used in
other studies [145, 178]. The advantage of determining affinity through NMR is the precise
identification of the residues affected by binding, which allows for the deduction of the binding site
for the labeled protein.

In the studies by Ma et al. (2011) and also our previous studies, the interactions between the
SNARE maotif of Stx1A and Munc13-MUN were primarily investigated [145, 178]. However, based
on the current interaction models for the SNARE complex formation machinery, these findings
should be viewed with caution, as no recent data support a direct interaction between the SNARE
motif of Stx1B and the MUN domain. Since the measurements were conducted with isolated
components rather than within the broader context of the entire machinery, it is possible that the
observed binding was nonspecific [294]. Nevertheless, a direct, albeit likely very transient,
interaction cannot be completely ruled out.

To potentially detect cross-peak shifts in the interaction between Syb2 and Munc13-MUN, one
could deuterate the samples. This would extend the relaxation times, possibly allowing for the

visibility of the complex [334].
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Alanine substitution of the tryptophan residues at positions 89 and 90 in the JMD of Syb2 via site
directed mutagenesis showed that both are critical for binding to Munc13-MUN, with W90 being
more crucial than W89.

It would also be interesting to identify the binding site in Munc13-MUN. In NMR, we can only see
the cross-peaks of the labeled interaction partner, but not the unlabeled one. While we could
5N label Munc13-MUN, the size of Munc13-MUN would result in a very crowded NMR spectrum,
making assignment extremely time-consuming. Nonetheless, it would be interesting to see if a
specific region of the MUN domain is affected or if various interaction sites are detected, which
could inform us about specificity.

Interestingly, in a review by J. Rizo, (2022) on the molecular mechanisms underlying
neurotransmitter release, the interaction between the JMD of Syb2 and Munc13-MUN is described
as likely nonspecific since the JMD is highly promiscuous and expected to interact strongly with the
membrane due to its proximity [109, 127, 294]. This sequence, which includes five basic and three
aromatic residues and is located near the TMR, is likely to interact with the synaptic vesicle
membrane through its abundant basic and hydrophobic residues in vivo.

Supporting this, a study found that membrane fusion requires destabilization of the bilayer by the
conserved JMD of Syb2, which disrupts the lipid structure. The ability of the JMD to be replaced by
another membrane-disrupting peptide underscores its crucial role in SNARE-mediated fusion and
suggests that membrane-destabilizing peptides are a common feature in biological membrane
fusion [115]. This raises the question of whether this sequence is more prone to nonspecific protein
interactions in the absence of a membrane [127].

The crystal structure of the MUN domain bound to a Syb2 JMD peptide suggested that this
interaction aids in forming the template complex [123]. However, molecular modeling shows that
the peptide's C-terminus is oriented away from the vesicle membrane, indicating that the observed
binding mode is probably incompatible with anchoring Syb2 to the vesicle [294]. Nonetheless,
regardless of the exact binding orientation, an interaction in this manner would make sense, as the
benefit of this assembly pathway is that it prevents the formation of antiparallel SNARE complexes
and 2:1 Stx1:SNAP-25 heterodimers [168, 294].

The promiscuous binding nature of the C-terminal JMD of Syb2 is further evidenced by its
unexpected interaction with Munc18-1, as cross-peak broadening was also observed for the
C-terminal region in the 'H-">N-HSQC spectra of '>N-labeled Syb2 in the presence of Munc18-1.
Based on current models and crystal structures of this and homologous complexes, we would have
expected cross-peak broadening corresponding to the N-terminal SNARE motif of Syb2 [69, 84,
119, 124].

Under our experimental conditions, where there is no spatial anchoring of the C-terminal part of
Syb2, the JMD might displace the SNARE motif from its usual binding site at Munc18-1, as the
SNARE motif binding might be even more transient. We also attempted to determine the binding
affinity via cross-peak broadening, similar to our approach with Munc13-MUN. However, since we

are not convinced that the JMD is the primary interaction site of Syb2 with Munc18-1, we have
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reservations about the validity of these results. In this context, it might be worthwhile to conduct
measurements with a shorter Syb2 construct that does not incorporate the JMD. Alternatively, the
tryptophan-to-alanine substitution mutants could be used here as well to see if a weakening of the
JMD interaction allows the SNARE motif interaction to become more apparent.

Given this, the results of the binding experiments using various Stx1B and Munc18-1 mutations to
open the furled loop of Munc18-1 in the Stx1B complex and to enhance binding with Syb2 should
be interpreted with caution. It appears that rather than the SNARE motif, the JMD of Syb2 is still
the primary region interacting with Munc18-1. Nonetheless interestingly, only the Munc18-1P3354
mutation enhanced the binding of Syb2 to the Stx1B:Munc18-1 complex, while the D326K mutation
of Munc18-1 in the complex had almost no effect. This suggests that only the P335A mutation
effectively opens the furled loop, allowing for efficient binding of Syb2, assuming that the JMD also
binds within the furled loop region of Munc18-1.

Furthermore, the Stx1BY2'6E mutation did not have the expected effect of triggering the opening of
the furled loop. On the contrary, the V216E mutation seemed to prevent binding to the Stx1B
complex, contradicting our earlier hypothesis. This indicates that the V216E mutation may have an
additional effect beyond merely opening the furled loop of Munc18-1.

To investigate such transient interactions in NMR, a large excess of the unlabeled titrant, about
10 to 50 times the concentration of the analyte, would be beneficial, as weak bindings result in
many analyte proteins remaining unbound, leaving any molecular binding event averaged out in
the spectrum [335]. However, neither Munc13-MUN nor Munc18-1 are suitable for high
concentrations in vitro, as they tend to aggregate at higher concentrations. Further reducing the
concentration of the analyte (Syb2, in this case) is also not ideal, as it can compromise spectrum

quality. Additionally, low concentrations are not practical for ensuring binding interactions.

5.7. Unveiling protein interaction networks and structural dynamics: Insights

from cross-linking mass spectrometry

Another approach to characterize interaction sites and structural conformation is cross-linking mass
spectrometry (XL-MS), which we successfully implemented and optimized in our laboratories. This
workflow followed a 'bottom-up' approach, involving the cross-linking of intact proteins, enzymatic
digestion, and mass spectrometric analysis to identify cross-linked peptides. By using cross-linkers
like DSSO and DSBU, we were able to identify interaction sites and establish distance constraints,
which were particularly useful for assessing conformational flexibility when cross-links exhibited
overlength. When the cross-links spanned greater distances than expected based on known
structures, it suggested that the protein or complex was adopting different or more extended
conformations, highlighting regions of flexibility within the structure. These overlength cross-links
provided insights into how the proteins may shift or expand beyond their static conformations.

Interestingly, DSSO demonstrated higher cross-linking count than DSBU. This outcome was
unexpected, given that both cross-linkers feature the same amine-reactive N-hydroxysuccinimide

(NHS) ester head-group at each end. Moreover, the DSBU spacer is slightly longer than that of
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DSSO, which might suggest that DSBU could more effectively reach certain lysine residues that
are slightly too far apart for the DSSO cross-linker. However, given that both cross-linkers have the
same reactive groups at their ends, it is unlikely that the observed differences are due to variations
in reactivity. On the other hand, the spacers of the two cross-linkers have different chemical
structures for MS-based fragmentation, which could lead to differences in detection, with one
potentially being better detected than the other. This variation in detection efficiency might explain
the slight difference in the number of unique cross-links identified.

A study by M. Matzinger et al. (2022), which benchmarked different cross-linkers and workflows
using a large synthetic peptide library based on sequences from 38 proteins of the E. coli ribosomal
complex, found that this difference in detecting cross-linked peptides using different cross-linkers
is notably dependent on the search engine-software used [336]. Their findings showed that the
cross-linking search engine MS Annika performs very well with DSSO, identifying an average of
632 cross-links, compared to 558 for DSBU [336]. In contrast, the search engine MeroX favored
DSBU, identifying an average of 767 cross-links, compared to 658 for DSSO [336].

Interestingly, when they tested the XlinkX search engine, the predecessor to the XlinkX v2.0 search
engine used in this study, they found more DSBU cross-links, averaging 562 counts, compared to
DSSO cross-links, which averaged 526 counts. Additionally, it is important to note that the FDR for
DSBU was significantly higher than for DSSO, whereas, in the other search engines, the FDR was
similar for both cross-linkers [336].

This strongly suggests that the differences we observed between the two cross-linkers are not due
to their cross-linking efficiency but could rather stem from the software-specific analysis. In this
context, it would be prudent to analyze our MS data using other search engines as well.
Cross-linking studies of Syb2 and Munc13-MUN have shown that the C-terminus and SNARE motif
of Syb2 are involved in interactions with Munc13-MUN. Notably, the C-terminal interaction of Syb2
aligns with initial NMR findings, and the distance constraints provided by the DSBU cross-linker
support the placement of Syb2's C-terminal JMD relative to the crystallized C-terminal peptide of
Syb2, which was previously identified as binding to Munc13-MUN in the work of Wang et al. (2019)
[123]. This evidence challenges the argument that the C-terminal binding is promiscuous, at least
in part, as the XL-MS results further suggest that the binding of Syb2's JMD is confined to the
C-terminal region of the MUN domain, with no cross-links detected in other regions.

In contrast, the SNARE motif of Syb2 formed multiple cross-links with different regions of the
MUN domain, suggesting a less specific binding pattern. However, these cross-links consistently
align the SNARE motif along the concave side of the Munc13-MUN structure, suggesting a
pre-orientation of the SNARE motif for later alignment in the formation of the template complex.
One of the regions involved in cross-linking with the SNARE motif of Syb2 is the area around the
NF motif on helix 6 of the MUN domain of Munc13-1. The cross-linked lysine residue 1162, located
on the same helix near the NF motif, and lysine residue 1248 on the opposing helix 8 are in close
proximity. This could suggest that the NF motif might play a role in the correct alignment of the

SNARE motif of Syb2 for subsequent SNARE complex formation. However, the fact that this region
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is not exclusively involved in cross-linking warrants a more critical view. Yet, it is still possible that
this region binds the SNARE motif with higher affinity than others. To further investigate, it would
be valuable to perform XL-MS experiments using the Munc13-MUNNFAA mutant, which involves an
alanine substitution of the NF motif and has been shown to be unable to drive SNARE complex
formation and sustain neurotransmission [70, 167]. If no cross-links are found in this region with
the mutant, it could strongly indicate that the NF motif is indeed involved in aligning the Syb2
SNARE motif.

Interestingly, all the cross-links originating from the SNARE motif of Syb2 were formed exclusively
from the lysine side chain at position 52, despite there being another lysine side chain just seven
positions away at K59. According to the NMR structure we used here, K59 is located outside a
helical region, in an unstructured area. This could suggest that the region around K59 does not
come close enough to the MUN domain for cross-linking. However, given the short distance
between K52 and K59, it seems unlikely that this is the sole reason why no cross-links were found
between K59 and the MUN domain.

A possible explanation lies in the sequence of Syb2 and how it influences tryptic digestion. Trypsin
cleaves proteins after lysine and arginine residues, but when these residues are adjacent to each
other or followed by proline, missed cleavages often occur, leading to incomplete digestion. This
can result in peptides that are either too short or too long, both of which hinder detection [337]. For
example, in Syb2, the arginine residue at position 56 is only three amino acids away from K59,
creating a short cross-linked peptide. The detectability of this peptide depends on the length of the
opposing peptide to which it is cross-linked. Short peptides tend to adopt low charge states,
resulting in low protonation, which can be problematic for identifying cross-linked peptides. In MS2,
this often leads to fragments that adopt no charge, making them undetectable. This, in turn,
produces poor MS2 spectra, significantly reducing the identification accuracy of cross-linked
peptides. Furthermore, they also produce fewer fragment ions during MS/MS, reducing
identification accuracy. On the other hand, overly long peptides can ionize inefficiently, produce
complex fragmentation patterns, and adopt multiple charge states, further complicating detection.
This issue is particularly important when cross-linking regions rich in arginine and lysine residues.
While lysine provides essential side-chain targets for cross-linking, too many closely spaced lysine
and arginine residues can be counterproductive for detection after tryptic digestion. This is evident
in the limited number of cross-links detected between the C-terminal ends of Syb2 and the MUN
domain of Munc13. Despite the abundance of lysine residues in both regions, only one or two
cross-links were detected in various measurements. This could be due to the generation of peptides
that are either too short or too numerous, lowering signal intensity and making detection more
difficult. Conversely, having too few or no lysine residues in regions of interest can also be a
limitation. To address this, we introduced lysine residues into the N-terminal part of Syb2 to create
reactive groups for our cross-linkers, allowing us to investigate whether the N-terminal region

interacts with Munc13-MUN. The results indicated that it does not.
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However, it's important to note that the absence of detected cross-links does not necessarily mean
they were not formed during sample preparation. For instance, positioning a lysine residue at
position 3 (Syb243K) results in a very short tripeptide after tryptic digestion. As mentioned earlier,
such short peptides can be difficult to detect due to their size, making them possibly challenging to
identify.

In the case of the Syb2R3K mutant, there are no other lysine or arginine residues before the
introduced lysine, except for an arginine at position 31. This means that tryptic digestion would
produce a peptide that is 30 or 31 amino acids long. Cross-linking further increases the size of the
peptide and detecting such long peptides in mass spectrometry is challenging due to their high
retention time, lower ionization efficiency and complex fragmentation patterns, which complicate
detection and data analysis [338].

All of these points highlight the importance of an even distribution of lysine residues for efficient
XL-MS analysis, especially when using cross-linkers with NHS esters that preferentially react with
lysine residues, combined with tryptic digestion to generate cross-linked peptides [339]. This can
be problematic when studying proteins that do not meet these criteria, necessitating alternative
strategies, such as using cross-linkers like sulfosuccinimidyl 2-(m-azido-o-nitrobenzamido)ethyl-
1,3'-dithiopropionate (SDA). SDA is a photoactivatable cross-linker that, upon UV light exposure,
reacts nonspecifically with various amino acids, including aromatic residues like tyrosine and
phenylalanine, as well as the protein backbone, while also having a thiol-reactive end, enabling
cross-linking without the need for lysine residues [340]. Additionally, other enzymatic cleavage
reactions can be used to generate peptides independently of the presence of arginine or lysine
residues. For example, chymotrypsin, which cleaves C-terminally of aromatic amino acids like
tyrosine, phenylalanine, and tryptophan, or the endoproteinase Glu-C, which cleaves after glutamic
acid and aspartic acid residues, can be employed [341].

One of the key strengths of XL-MS is its ability to identify and characterize both sides of interaction
sites in a single measurement, eliminating the need for additional experiments with isotope labeling
of each interaction partner, as long as distinct partners are involved. However, when analyzing
homodimers, isotope labeling of half of the sample is advantageous, as it can be difficult to
distinguish intramolecular cross-links from intermolecular ones. If labeling is not possible, the
analysis must rely solely on distance restraints.

Furthermore, direct modeling based solely on XL-MS data can be challenging, particularly when
using NHS esters that preferentially react with lysine residues, which are commonly used in cross-
linking. There are disadvantages in targeting lysine residues as their side chains are highly flexible,
meaning the structural information obtained from these experiments is less rigid. For example,
cross-linkers with spacer lengths of about 8 A might bridge Ca—Ca distances of up to approximately
27 A [284].

Another point to consider is that the interaction sites and possible conformations of interaction
partners identified from cross-linking data present a mosaic-like picture composed of the sum of all

identified cross-links. For example, while we can determine that the central SNARE motif of Syb2
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interacts with various regions of the MUN domain of Munc13-1, we cannot definitively say whether
this represents a single 1:1 binding interaction between the molecules. It's possible that Syb2
exhibits conformational flexibility, with different conformations being observed where the C-terminal
JMD is anchored to the C-terminal part of the MUN domain, allowing the SNARE maoitif to interact
with different areas of the MUN domain. Alternatively, we might be observing a scenario where
multiple Syb2 molecules simultaneously bind their SNARE motifs to different regions of the MUN
domain (Fig. 5.4).

The same uncertainty applies to the interaction between Munc18-1 and Syb2, where we identified
two distinct binding sites for Syb2 on Munc18-1 (Fig. 4.37). However, we cannot say with certainty
whether this represents a 1:1 binding interaction, where either domain 3a or domain 1 of Munc18-1
is engaged, or if it involves a 2:1 binding scenario in which both identified binding sites are occupied
simultaneously by Syb2. Based on data from other studies and homolog structures, it is likely that
the binding site in domain 3a is preferred [69, 122, 124, 264]. The second binding site is possibly

only engaged when the primary binding site is occupied.

Figure 5.4: Conceptual alternative models of how Syb2 (gold, PDB: 2KOG) could interact with Munc13-MUN (grey,
PDB: 6A30), based on the XL-MS data. One potential scenario is that a single Syb2 molecule interacts with the
MUN domain of Munc13-1, with the JMD engaging the C-terminal part of Munc13-MUN while the SNARE motif
flexibly interacts with various regions of the MUN domain (left). Alternatively, multiple Syb2 molecules could interact
with the MUN domain of Munc13-1, where, for example, the JMD of one Syb2 molecule interacts with the C-terminal
part of Munc13-MUN, while additional Syb2 molecules bind their respective SNARE motifs to different regions of
Munc13-MUN (right).
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One approach to address the challenge of identifying preferred or primary binding sites versus
secondary ones via XL-MS could be to quantify the MS1 signal intensities of cross-linked peptides.
In theory, preferred binding sites should result in significantly more cross-links, leading to a higher
abundance of peptides derived from these sites. However, it is important to consider the obstacles
previously discussed regarding the detection of cross-linked peptides. Even if one interaction site
is more favored and generates more cross-linked peptides, if these peptides are harder to detect
than those from a less preferred binding site, the results could be skewed, leading to ambiguous
conclusions.

The comparison between NMR spectroscopy and XL-MS data is particularly noteworthy. While
NMR results primarily indicate an interaction of the C-terminal JMD of Syb2 with both Munc13-MUN
and Munc18-1, XL-MS data suggest a significant involvement of the SNARE motif of Syb2. This
implies that the interaction of the SNARE motif with the orchestrating proteins Munc18-1 and
Munc13-MUN may be too transient to be detected by NMR spectroscopy. Additionally, it suggests
that XL-MS might be more effective in capturing these transient interactions, provided they are
stable enough for the cross-linker to form a covalent bond [232].

The inability of random interactions to produce observable cross-links implies that transient
interactions must be sufficiently long-lasting and prevalent within the population for cross-linking to
occur, meaning there is a minimum threshold of structural stability required [232]. A recent study
found that protein complexes with a Kp of around 25 uM could be specifically cross-linked, whereas
those with a Kp between 100 yM and 300 pM could not, suggesting the cross-linking affinity limit
lies within this range [342]. Other studies have also demonstrated XL-MS's ability to effectively
capture transient interactions [343-345].

A result that is reflected in both methods, NMR spectroscopy and XL-MS, is that the D326K
mutation of Munc18-1 in the Stx1B:Munc18-1:Syb2 complex probably does not enhance the
binding of Syb2. This suggests that, at least under our experimental conditions, this functional
mutant does not, or does not sufficiently, fulfill its role in facilitating the furled loop opening, allowing
for a more effective alignment of the SNARE motif of Syb2 between helix 11 and helix 12 of Munc18-
1. One possible reason for this could be that the linker region of Stx1B in the complex obstructs the
efficient opening of the furled loop. To address this, it might be insightful to combine this functional
mutant with the disease-causing Stx1BF?'%K mutation, which we speculate also induces an open
conformation of Stx1B. This combination might be compatible with the D326K mutation of Munc18-
1, potentially allowing for more efficient binding of Syb2.

To our surprise, we discovered an additional binding site for the SNARE motif of Syb2 at the two
helices of domain 1 of Munc18-1, which has not been previously reported in the literature
(Fig. 4.37). However, we cannot be certain if this represents a specific binding site for Syb2 or if it
is a more promiscuous interaction, where Syb2 primarily binds to the main binding site in the furled
loop region of domain 3a in Munc18-1, and any remaining Syb2 binds to the next available site
once the main one is occupied. One way to test whether Syb2 has a preference for the different

identified binding sites could be by examining the MS1 signal intensities in the mass spectrum. In
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theory, a main binding site should lead to significantly more cross-linked peptides, resulting in
higher signal intensity. However, it is important to note that, as previously mentioned, different
peptides ionize with varying efficiencies, which can affect signal intensity and should be interpreted
with caution.

Further analysis of Stx1B mutants suggested significant conformational changes, particularly with
the E210K mutant, which indicated an altered binding conformation in combination with Munc18-1.
This assumption is based on several newly formed cross-links, which appeared with overlength
when mapped onto the wild-type crystal structure of the Stx1:Munc18-1 complex, suggesting a
structural alteration of the complex.

Overlength cross-links are often used to describe and infer structural dynamics and conformational
changes in proteins and protein complexes [236, 346, 347]. They are frequently found in structurally
dynamic or flexible regions of proteins, which was also observed in our samples. This is particularly
evident in the cross-links involving K251 at the C-terminal end of our Stx1B constructs, which are
dispersed and link to lysine side chains from various regions of Munc18-1. Modeling the complex
with our constructs using AlphaFold 3 yielded a very low pIDDT score(” (< 50) for the C-terminal
end, indicating that the structure and conformation of this region can only be predicted with very
low confidence, suggesting high flexibility [297]. This flexibility is reflected in the cross-links we
identified (Fig. 5.5). A similar situation is observed with the unstructured region around K526.
Cross-links originating from this lysine residue were consistently detected in various measurements,
linking to lysine residues of the Hapnc domain. When mapped onto the crystal structure, these
cross-links also appear overlength. Modeling of this region yielded a very low pIDDT score (< 50),

indicating high dynamics in this area, which is further confirmed by our cross-links (Fig. 5.5).

Very high confidence Confident Low confidence Low confidence
p/DDT > 90 90 > pIDDT > 70 70 > pIDDT > 50 50 > pIDDT

K4

Furled loop

(G B

/ -
(AN C-terminal end

. Stx1B Unstructured region ™
\ & 7 around K526 Munc18-1

Figure 5.5: Modeling of the Stx1B:Munc18-1 complex using the amino acid sequences of the Stx1B and Munc18-1
constructs via AlphaFold 3 [297]. The color code represents the pIDDT score of the modeled structure.

Therefore, it is fair to say that newly identified cross-links in measurements with Stx1B-2'P, and
especially with Stx1BE21% which appear overlength when mapped onto the crystal structure, likely
indicate a conformational change.

(1) The plDDT (Fredicted [ocal Disiance Difference Test) score is a measure used (0 assess the conioernce of protein
Structure predictions, particuiarny in moaels generated by Al tools. It evaluates how well the predicted structure matches
the expected local geornetry of the protein. A higher pIDDT score (close to 7100) indicates high coniidence in the accuracy
of the pre ructure, whie a lower score (belowy 50) sUggests lowy conficence and indicates regions of the protein
that are likely fiexible or poorly predicted,
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Particularly noteworthy are the overlength cross-links involving K321 and K332 from the furled loop
region of Munc18-1, linking to lysine residues of the SNARE motif and the Hanc domain of Stx1BE210K,
as well as K54 and K139 on the backside of the Hanc domain of Stx1BE21X| which link to K7 of
Munc18-1. Such connections can essentially only be explained by a conformational change. The
furled loop of Munc18-1 also showed a low pIDDT score between 50 and 70, further supporting
this interpretation.

While some overlength cross-links can be explained by altered conformations, others make little
sense, even in such models. For instance, cross-links between K125 of Stx1BE210K/L221P gnd K120
of Munc18-1, or between K87 of Stx1BEF?'%K and K356 of Munc18-1, are challenging to interpret.
These cross-links could result from non-specific interactions or technical artifacts. Even with a false
discovery rate (FDR) of 2%, there remains the possibility of misinterpretation and false positives.
XL-MS as an experimental method inherently involves some level of error. Additionally, data
interpretation errors can occur if structural models are inaccurate or if the databases used are
incomplete, leading to potential misinterpretations of the cross-linking data [232]. Cross-linking can
potentially introduce structural artifacts, such as capturing proteins in rare or non-functional
conformations or causing unintended protein-protein interactions. However, these issues have not
been significantly observed experimentally. While cross-linking might induce conformational
changes, extensive agreement between XL-MS data and high-resolution structures suggests that
such artifacts are not common. Potential errors, such as protein aggregation or misinterpretation
during data analysis, must be carefully managed, but overall, XL-MS remains a reliable method for

obtaining structural information [232-234, 348].
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Figure 5.6: A) Cross-link map from the XL-MS measurement of Munc13-MUN, Syb2, Munc18-1, and Stx1B. Syb2
forms intermolecular cross-links with both Munc13-MUN and Munc18-1, but no intermolecular cross-links are
observed between Munc13-MUN and Munc18-1. Stx1B only forms intermolecular cross-links with Munc18-1.
Cross-link map was generated using XiNET Cross-Linker Viewer [288]. B) Intermolecular cross-links of Syb2
between Munc13-MUN and Munc18-1 could be interpreted as Syb2 simultaneously binding to both proteins, acting
as a bridging protein in the complex machinery (right). However, it is also possible that the cross-link map reflects
independent, non-simultaneous interactions between Syb2 and Munc13-MUN, as well as Syb2 and Munc18-1.
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When it comes to tracking multistep mechanisms like SNARE complex formation, XL-MS presents
challenges due to its time-scale limitations. While XL-MS can capture conformational changes at a
single time point, it becomes difficult to track multiple, consecutive changes, especially when these
depend on the involvement of different proteins at various stages. If all participants are added
simultaneously, XL-MS cannot retrospectively determine which protein interacted first or last,
making it challenging to identify key intermediate conformations.

We attempted to track the main components of the SNARE complex formation machinery using
XL-MS. However, instead of producing a complex network with cross-connections between all
participants, we observed a linear interaction chain, with Munc18-1 and Syb2 at the center
(Fig. 5.6). This could be interpreted as Syb2 binding simultaneously to both Munc18-1 and
Munc13-MUN, or as separate bindings where Syb2 interacts with either Munc13-MUN or Munc18-1,
which then binds Stx1B. Since we only capture a snapshot of the interactions, it is difficult to
conclusively interpret a multistep mechanism.

One possible approach could be time-resolved XL-MS during sample preparation, where reagents
are introduced at specific time points during the reaction, or by comparing different setups with
varying compositions of the components. This method could potentially map the progression of
structural changes over time. However, whether this approach would yield a complete picture
remains uncertain.

In summary, XL-MS is a powerful tool for characterizing structures, conformations, and
conformational changes, as well as for identifying interaction sites. However, the method has
limitations when it comes to resolving dynamic, multistep processes and capturing temporal
conformational changes. While XL-MS provides valuable insights, its results can be affected by
artifacts and misinterpretations. Therefore, it is beneficial to combine XL-MS with other structural
characterization methods such as NMR, cryo-EM, or molecular dynamics simulations to fully
resolve and understand structures and mechanisms.
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6. Outlook

In addition to the improvements and expansions of the experiments discussed in Chapter 4, there
are many other factors worth investigating further. One area of interest lies in exploring the
molecular impact of other SNAREopathic mutations of Stx1B. Particularly intriguing are missense
mutations, which involve a substitution of a single amino acid side chain, such as Stx1BV8F or
Stx1BC144F [182]. These mutations could have a targeted effect on protein structure or interactions,
in contrast to mutations that lead to early truncation, resulting in the loss of entire domains or
structural regions, which naturally limits their interactions.

This investigation into SNAREopathic mutations could be extended to other SNARE proteins such
as Syb2 and SNAP-25, as well as the orchestrating proteins Munc18-1 and Munc13-1. Examining
how these mutations affect the molecular mechanisms in these proteins could provide a deeper
understanding of their roles. As the number of known SNAREopathic mutations continues to grow,
a more mechanistic understanding of the pathogenesis, particularly when shared principles exist
among mutations in different SNAREopathy genes, would be a significant step toward the
development of rational therapies.

Moreover, despite the comprehensive work presented here, many factors of the neurotransmitter
release machinery have yet to be explored. One area of future study would be the influence of
mutations on other key components of this machinery, such as Synaptotagmin-1 and Complexin,
which likely help form and stabilize a primed state with a partially zippered SNARE complex.
Another unexplored area is the molecular mechanism behind the incorporation of SNAP-25 into
the SNARE complex. While the formation of the template complex involving Stx1, Syb2, and
Munc18-1 is well characterized, the specific step at which SNAP-25 is incorporated remains unclear.
Several studies have examined potential interactions between SNAP-25 and various binding
partners, offering conflicting results and it remains elusive when and how SNAP-25 integrates into
the complex [83, 84, 296]. Resolving these discrepancies is critical to fully understanding
SNARE complex formation.

Furthermore, a still unresolved issue is how Munc13-1, through its MUN domain, promotes the
transition of Stx1 from a closed conformation within the Stx1 complex to an open conformation,
thus driving SNARE complex formation. This likely involves transient interactions with the other
components of the SNARE machinery, like the linker region of Stx1 or Munc18-1, which are difficult
to capture. The goal would be to catch this transition state during the opening of the Stx1:Munc18-1
complex. Introducing mutations that weaken the interaction between Stx1 and Munc18-1 and
promote conformational changes, such as those investigated in this and previous studies, could
help destabilize the closed conformation [178]. Also, combining these mutations in Stx1B or
Munc18-1 may make it easier to stabilize the transition state for experimental interrogation.
Ultimately, constructing a quaternary complex comprising Stx1:Munc18-1:Syb2:Munc13-MUN
would be the ideal outcome, enabling us to understand the conformation changes necessary for

SNARE complex formation and neurotransmitter release.
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7. Appendix

Appendix Figure 1
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Appendix Figure 1: Representative SDS-PAGEs and size exclusion chromatography (SEC) chromatogram for the
purification of the GST-Stx1B constructs. A) GST/4B FPLC affinity purification of the Stx1B construct through its
GST-tag. B) SDS-PAGE of the eluted fractions corresponding to the SEC chromatogram in D). C) SDS-PAGE
displaying GST-tag removal after pooling respective SEC fractions resulting in the purified, tag-free Stx1B protein
construct of interest. D) SEC chromatogram displaying elution fractions of Stx1B indicated by UV absorption-peaks
(plotted with ChromLab v6.0.0.34 (Bio-Rad Laboratories, Inc.)).
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Appendix Figure 2: Representative SDS-PAGEs and size exclusion chromatography (SEC) chromatogram for the
purification of the GST-Syb2 constructs. A) GST/4B FPLC affinity purification of the Syb2 construct through its
GST-tag. B) SDS-PAGE of the eluted fractions corresponding to the SEC chromatogram in D). C) SDS-PAGE
displaying GST-tag removal after pooling respective SEC fractions resulting in the purified, tag-free Syb2 protein
construct of interest. D) SEC chromatogram displaying elution fractions of Syb2 indicated by UV absorption-peaks
(plotted with ChromLab v6.0.0.34 (Bio-Rad Laboratories, Inc.)).
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Appendix Figure 3
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Appendix Figure 3: A) Representative SDS-PAGE for the Ni-NTA FPLC affinity purification of the Stx1B-SNARE
construct through its His-tag. B) Representative SDS-PAGE for the Ni-NTA FPLC affinity purification of the Syb2
construct through its His-tag. C) Representative SDS-PAGE for the Ni-NTA FPLC affinity purification of the SNAP-25

constructs through its His-tag.

Appendix Figure 4

A) & B) . P c)
3 e? @ &
g < Ff e .
S SRR R
) N3 2 @ & S0
L A A L N N L. - .\ .\
Q&e 4}0 ap@ f & 7;3“ o‘? S*‘Oo é‘g‘ 0‘\°«'. ’}*e' &,% \0\2\@@ 3 & »‘}‘\o 'bé)o é}\o Q&o
wa _ & W VP8 kba] <& & Q¥ W koal & ¥ (& & (&
o ] 200
22 viE 1454
354 6.3} 66.3
66.3 1 55.4— 55.4—
55.4
36.5— 36.5—
36.5— 31 31
31+
21.5—
21.5- 21.5—
is- SNARE-TMR 14,4 — - <4 His-Stx1BSNARETMR A | «His-Stx1BSNARE-TMR
14.4-] <His-Stx1B 4 <Stx1BSNARETMR 14.4- o w&“\ < Stx1BSNARETMR
D)
A/1-A/4 A/5-A/8 A/9-A/13 A/14-A/18 A/19-A/23 A/24-A/28 A/29-A/33 A/34-A/38 A/3..
o 400
2 80
E
£ 5
S 200 =
g 0 3B
= —Jk
=
0

60

Volume (ml) »

80 90 100 110

Appendix Figure 4: Representative SDS-PAGEs and ion exchange chromatography chromatogram for the
purification of the His-Stx1BSNARE-TMR constructs. A) Ni-NTA FPLC affinity purification of the Stx1BSNARE-TMR construct
through its His-tag. B) SDS-PAGE of samples taken from the stepwise dialysis to reduce urea concentration and
introduction of 1% CHAPS with thrombin digestion to cleave the His-tag. C) SDS-PAGE of the eluted fractions
corresponding to the ion exchange chromatography chromatogram in D). D) lon exchange chromatography
chromatogram displaying NaCl-gradient and elution fractions of Stx1BSNARE-TMR through UV absorption-peaks
(plotted with ChromLab v6.0.0.34 (Bio-Rad Laboratories, Inc.)).
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Appendix Figure 5: Representative SDS-PAGEs and size exclusion chromatography (SEC) chromatogram for the
purification of the GST-Munc18-1 constructs. A) GST/4B Beads affinity purification of the Munc18-1 construct
through its GST-tag. B) SDS-PAGE of the eluted fractions corresponding to the SEC chromatogram in C). C) SEC
chromatogram displaying elution fractions of Munc18-1 through UV absorption-peaks (plotted with

ChromLab v6.0.0.34 (Bio-Rad Laboratories, Inc.)).
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Appendix Figure 6: Representative SDS-PAGEs and size exclusion chromatography (SEC) chromatogram for the
purification of the GST-Munc13-MUN constructs. A) GST/4B Beads affinity purification of the Munc18-MUN
construct through its GST-tag. B) SDS-PAGE of the eluted fractions corresponding to the SEC chromatogram in C).
C) SEC chromatogram displaying elution fractions of Munc13-MUN through UV absorption-peaks (plotted with

ChromLab v6.0.0.34 (Bio-Rad Laboratories, Inc.)).
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Appendix Figure 7: Representative SDS-PAGEs and size exclusion chromatography (SEC) chromatogram for the
purification of the GST-Stx1B fusion protein constructs. A) GST/4B FPLC affinity purification of the GST-Stx1B
fusion protein construct through its GST-tag. B) SDS-PAGE of the eluted fractions corresponding to the
SEC chromatogram in C). C) SEC chromatogram displaying elution fractions of GST-Stx1B through UV
absorption-peaks (plotted with ChromLab v6.0.0.34 (Bio-Rad Laboratories, Inc.)).
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Appendix Figure 8: Complete normalized fraction unfolded spectra plotted from 25 °C to 90 °C of: A) Stx1BWT
(black), Stx1BE219K (blue) and Stx1B-22'P (salmon). B) SNARE complexes formed with SNAP-25, Syb2 and Stx1B
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155



Appendix

Appendix Figure 9
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Appendix Figure 9: A) Crystal Structure of a fragment of the Stx1B SNARE helix displaying residues at position
210 and 213. The Stx1B’s E210K mutation allows for a hydrogen bond to form lysine and aspartic acid, potentially
enhancing helical structure and stability. B) Based on the helical wheel pattern's side-chain interactions, where
residues at positions [i+3] and [i+4] orientate on the same side of the helix with the residue at position [i], the
negatively charged aspartic acid is positioned three places after the introduced lysine, possibly enhancing stability.
C) Helical wheel. The projection of the a-helix illustrates the interrelationships of the amino acid residues. Each
amino acid covers a sector of 100°. The hydrogen-bonded residues 1 and 5 are spatially close to each other, being
parts of consecutive turns. The same applies to residues 1 and 4 (so-called "n+/-3,4 criterion").

Appendix Figure 10
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Appendix Figure 10: A) Stabilization scheme in a-helix. Helical structure is stabilized by backbone hydrogen bonds.
B) Introduction of a proline impedes backbone hydrogen interaction within an a-helix, causing a kink in the helical
conformation or complete disruption (figure adapted from Reiersen et al. (2001) [248]).
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Appendix Figure 11: Unmodified full-size Coomassie-stained SDS-PAGE of: A) Assembled SNARE complexes
using Stx1BWT, Stx1BE210K and Stx1B-?2'P with Syb2 and SNAP-25. All samples were not boiled prior to loading
on the gel. Mark12 Unstained Standard was used as protein ladder. B) For loading control, all samples were boiled
before gel loading. Boiling caused the SDS-stable SNARE complex to dissociate, revealing bands corresponding
to individual components. Mark12 Unstained Standard was used as protein ladder.
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Appendix Figure 12
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Appendix Figure 12: Representative fluorescence diagram of a complete vesicle fusion assay run, monitoring
vesicle fusion through lipid mixing, normalized to the maximum value. Small unilamellar vesicles (SUVs) with
reconstituted with FRET fluorophores and full-length Syb2 were held in the measurement cuvette under constant
stirring for 60 s to check for content leakage. After 60 s, SUVs reconstituted with the pre-formed AN-SNARE complex
were added to initiate vesicle fusion. Vesicle fusion was monitored for 600 s and was stopped by the addition of
Triton X-100, which led to the dissolution of the vesicles and release of individual compartment, resulting in a sudden
increase in fluorescence of the donor fluorophore to the maximum value.
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Appendix Figure 13: A) Full-size Coomassie-stained SDS-PAGE of the pull-down assay. Recombinant expressed
and purified Munc18-1 was loaded into the last well as an additional control for the viability of the Munc18-1 antibody.
The sample used here has been subject to multiple freeze-thaw cycles and therefore looks degraded. B) Full-size
western blot of the pull-down assay. The protein ladder was subsequently edited into the western blot post-capture
to enhance visibility since it was only very faintly visible in the original after blotting, The additional control used for
the Munc18-1 antibody was successful. Even degraded bands were detected by the antibody. Notably, Munc18-1
seem to have a distinct degrading pattern as some degradation bands were visible for both, the Munc18-1 of the
mouse brain lysate and the recombinant Munc18-1.
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Appendix Figure 14
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Appendix Figure 14: Binding signature plots depicting the interaction of Stx1BWT, Stx1B-?2'P Stx1BF2'K and
Stx1BE210KK82E with Munc18-1. Stx1BWT, along with the Stx1B22"P and Stx1BF210KK82E mytants, exhibit comparable
thermodynamic parameters, suggesting an enthalpy-driven interaction characterized by hydrogen bonding and van
der Waals interactions. This interaction is further associated with substantial conformational changes, as indicated
by the unfavorably positive temperature-entropy product. The interaction of Stx1BE210K with Munc18-1 exhibits a
more entropy-driven interaction comprising of hydrogen bonding as well as hydrophobic interactions as indicated

by the negative or favorable binding enthalpy (AH) and entropy factor (-TAS) [213].
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Appendix Figure 15: Representative normalized fraction unfolded spectra plotted from 25 °C to 90 °C (full

spectrum) of Stx1BE219K (blue), Stx1BE210KK82E (hrown) and Stx1BE210KK83E (orange).
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Appendix Figure 16
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Appendix Figure 16: Sequence alignment of the proteins encoded by human and zebrafish: A) Stx1B orthologs
displaying an exceptionally high homology of ~97%. An asterisk indicates a fully conserved residue, a colon with a
blue-labeled background indicates similar amino acid properties, and a period with a purple-labeled background
indicates weakly similar amino acid properties. Sequences were sourced from the UniProt database [349]. B)
Munc18-1 orthologs displaying a high homology of ~87%. An asterisk indicates a fully conserved residue, a colon
with a blue-labeled background indicates similar amino acid properties, and a period with a purple-labeled
background indicates weakly similar amino acid properties. No symbol and a turquoise background indicate
completely different amino acid properties. Sequences were taken from the UniProt database [349].
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Appendix Figure 17
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Appendix Figure 17: Quantification of all 20-minute LFP recordings. A) Number of epileptiform discharge events
in larvae expressing different human Stx1B wild-type and mutants. Sample size: Stx1BWYT, n = 15; Stx1B-??'P n = 24;
Stx1BE210K  n = 21; Stx1BF?10KK&E = 20. A significant difference between Stx1BWT and Stx1BE21K
(Kruskal-Wallis test, **p < 0.01) as well as Stx1B-2'P (Kruskal-Wallis test, *p < 0.05) was observed, but none to
Stx1BE210KK82E "indicating that this mutant rescues the number of events back to WT level. B) Mean duration of
discharge events in the measured zebrafish larvae (sample size similar to A)). Similar to the number of events, a
significant difference between Stx1BWT and Stx1BE?'%K (Kruskal-Wallis test, **p < 0.01) as well as Stx1B-?2'P
(Kruskal-Wallis test, *p < 0.01) was observed, but none to Stx1BE210KK82E ‘indicating that this mutant rescues the
average duration of events back to WT level. C) Cumulative duration of epileptiform events in the measured
zebrafish larvae (sample size similar to A)). A significant difference between Stx1BWT and Stx1BE210K
(Kruskal-Wallis test, *p < 0.05) as well as Stx1B22'P (Kruskal-Wallis test, *p < 0.05) was observed. Stx1BF210K.K82E
exhibited a substantial reduction in the overall seizing time compared to the other mutants.
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Appendix Figure 18: (Figure adapted from Vardar, Gerth, Schmitt et al. (2020) [178]) A) 'H-"®*N-HSQC spectra of
wild-type (black) and InDel (green) Hasc domain of Stx1B. The spectrum of the wild-type construct is well dispersed
while the spectrum of the InDel mutant shows signs of an intrinsic disordered protein. B) Far-UV CD spectra of
Stx1B-HancVT (black) and Stx1B-Hanc"™P®' (green) constructs. While the wild-type constructs display a well
pronounced spectrum, characteristic for an a-helical structure, helicity is largely reduced for the InDel mutant
construct. C) Melting temperatures of Stx1B-Hanc VT and Stx1B-Haoc"P¢! constructs (+ SEM, n = 3, t-test, ****p < 0.001,
two tailed).
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Appendix Figure 19
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Appendix Figure 19: 'H-'*N-HSQC spectra of Syb2"T (20 uM) before (yellow) and after the addition of 5 uM
(light-orange), 10 yM (orange), 15 pM (red-orange), 20 uM (red) and 40 uM (pink) Munc13-MUN.
Cross-peaks corresponding to the C-terminal JMD exhibit increasing cross-peak broadening with higher
concentrations of Munc13-MUN.
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Appendix Figure 20
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Appendix Figure 20: Quantification of the relative cross-peak intensities (I/lo) of Syb2 upon the addition of A) 5 uM
Munc13-MUN, B) 10 yM Munc13-MUN, C) 15 yM Munc13-MUN, D) 20 yM Munc13-MUN, and E) 40 uM
Munc13-MUN. While the relative cross-peak intensities corresponding to the N-terminal part remain largely
unaffected by the addition of Munc13-MUN, the cross-peaks corresponding to the C-terminal JMD display significant
line broadening, intensifying with increasing concentrations of Munc13-MUN. A grey dashed line indicates the cut-
off, calculated as the average of relative peak intensities minus the standard deviation. Relative intensities below
this threshold denote significant cross-peak broadenings.
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Appendix Figure 21

Appendix Figure 21: A) 'H-">N-HSQC spectra of Syb2"T (18.2 uM) before (yellow) and after the addition of
Munc18-1"T (11.7 uM, blue). No significant cross-peak shifts were observed, but rather cross-peak broadening,
particularly evident for the cross-peaks corresponding to the JMD of Syb2WT. B) Quantification of relative cross-peak
intensities (I/lo) of Syb2 upon the addition of 11.7 uM Munc18-1"T complex reveals significant decrease of the
cross-peak intensities for the residues corresponding to the C-terminal JMD of Syb2. Additionally, subtle cross-peak
broadening can be observed for the cross-peaks corresponding to the residues of the SNARE motif, although not
significant. A grey dashed line indicates the cut-off, calculated as the average of relative peak intensities minus the
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Appendix Figure 22
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Appendix Figure 22: A) Full-size Coomassie-stained SDS-PAGE of analyzed proteins before and after
cross-linking. B) Full-size Coomassie-stained SDS-PAGE of analyzed proteins before and after cross-linking and

after digestion using endoproteinase LysC and trypsin. No protein bands are detectable.
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Appendix Figure 23
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Appendix Figure 23: A) Representative LC chromatogram of an LC-MS/MS run displaying the separation of
peptides over a 160-minute gradient with increasing hydrophobicity of the mobile phase. Shorter peptides often
elute early due to their lower hydrophobicity, while longer peptides often elute later due to their higher hydrophobicity.
The separation of peptides allows for sequential introduction of peptides into the mass spectrometer, enhancing
detection and identification of peptides in the complex mixture. B) Exemplary summed MS spectrum recorded at
the retention between 31.2 min and 32.2 min. The spectrum displays peaks with low m/z ratios, indicating the
presence of shorter peptides. These shorter peptides typically exhibit lower mass and smaller surface area, resulting
in lower charge states. C) Exemplary summed MS spectrum recorded at the retention between 121.28 min and
122.28 min. The spectrum displays peaks with high m/z ratios, indicating the presence of longer peptides.
Cross-linked peptides exhibit a charge state of 4+ or higher due to the involvement of two lysine side chains and

two amine groups of the N-termini.
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Appendix Figure 24
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Appendix Figure 24: Fragmentation scheme of DSSO cross-linked peptides after cleavage under CID conditions.
A) Fragmentation pattern of an interpeptide cross-link. DSSO cleaves into a short and a long fragment with different
masses adding to the mass of the attached peptides P+ and P2. This results in two doublet peak-signals in the
MS/MS spectrum. B) Fragmentation pattern of a ‘dead-end’ cross-link. DSSO cleaves into a short and a long
fragment with different masses adding to the mass of the attached peptide P+1. This results in one doublet
peak-signals in the MSMS spectrum. C) Fragmentation pattern of an intrapeptide cross-link. DSSO cleaves into a
short and a long fragment but results in only one peak-signal in the MS/MS spectrum, as both fragments are
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attached to the same peptide (figure adapted from A. Kao (2011) [238]).

Appendix Figure 25
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Appendix Figure 25: A) Fragmentation scheme of DSBU cross-linked peptides after cleavage under CID
conditions. DSBU cleaves into a short and a long fragment with different masses adding to the mass of the attached
peptides P1 and P2. B) Doublet peak-signals with a difference of 26 u are visible in the MS/MS spectrum, indicating
the presence of a cross-linker. ‘Dead-end’ cross-links will give one doublet, while two doublets are indicative of an
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Appendix Figure 26

A) B)
Stx1B"T (10 pM) St1BYT (10 pM)

Appendix Figure 26: Cross-linking mass spectrometry analysis of Stx1B utilizing A) DSBU (teal) or B) DSSO (dark
green) as cross-linker. Linkage map (top) shows the sequence position of all observed cross-linked lysine pairs
within Stx1B. Self-links (identified cross-links between the same lysine residue) are colored red. XiNET Cross-Linker
Viewer was used to create the cross-link map [288]. Identified cross-links are mapped onto the crystal structure of
Stx1A (homolog of Stx1B) to visualize cross-link distances within a 3D structure. The sequence, particularly the
lysine positions in the crystal structure of Stx1A, was adjusted to match that of Stx1B (PDB: 3C98). Lysine residues
within the structures are marked as spheres and cross-linked lysine residues are colored in dark blue.

Appendix Figure 27
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Appendix Figure 27: Cross-linking mass spectrometry analysis of A) Munc18-1"T and B) Munc13-MUNWT utilizing
DSBU as cross-linker. Linkage map (top) shows the sequence position of all observed cross-linked lysine pairs
within A) Munc18-1"T and B) Munc13-MUNWT. Self-links (identified cross-links between the same lysine residue)
are colored red. XiNET Cross-Linker Viewer was used to create the cross-link maps [288]. Identified cross-links are
mapped onto the crystal structure of A) Munc18-1WT (PDB: 3C98) and B) Munc13-MUNWT (PDB: 6A30). Lysine
residues within the structures are marked as spheres and cross-linked lysine residues are colored in dark blue.
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Appendix

Appendix Figure 28
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(6A30)
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Appendix Figure 28: A) Superimposition of the NMR structure of Syb2 (gold, PBD: 2KOG) and the C-terminal
peptide of Syb2 within the crystal structure of Munc13-MUN (blue and grey, PDB: 6A30). B) Close-up of the
alignment region in Syb2 highlighting the two tryptophan residues W89 and W90 as anchor points for the alignment.
Although the backbone of these residues aligns, the side chains display distinct rotations.

Appendix Figure 29

Syb2

(2KOG), 20 states

Appendix Figure 29: Twenty lowest energy structures of Syb2 (1-116) in DPC micelles recorded by NMR.
Transmembrane region (TMR) is superimposed and the N-terminal part shows high structural flexibility. Only the
juxtamembrane domain and a part of the SNARE motif adopts a helical conformation [110].
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Appendix Figure 30

Appendix Figure 30: Identified cross-links are mapped onto the superimposed structures of A) Syb2R30KB) Syb2AK
(PDB: 2KOG) and Munc13-MUN (PDB: 6A30). Lysine residues within the structures are marked as spheres and
cross-linked lysine residues are colored in dark blue. Inset provides a close-up view onto the superimposed
structures of the Syb2 peptide (PDB: 6A30, blue) and Syb2 (PDB: 2KOG, gold), along with the identified cross-links
between the C-termini of Munc13-MUN and Syb2. Intermolecular cross-links that exceed the distance constraint
are colored in red, while those within the distance constraint are colored in teal (cross-link length can be found in
Appendix Table 7.3).

Appendix Figure 31

: "Munc18-1

(7UDC)

N-

Appendix Figure 31: Superimposition of the AlphaFold 2-modeled structure of Syb2 (gold, PDB: AF-P63027-F1)
and the Syb2 fragment depicted in the EM structure of the Syb2:Stx1A:Munc18-1 complex (lime and black, PDB:
7UDC, here only showing Syb2 and Munc18-1). Inset displays a detailed view of the aligned Syb2 helices, with
lysine residues K52 and K59 serving as reference points. The missing segment of the unfurled loop (brown) was
reconstructed using MoMa-LoopSampler (Barozet et al. (2022) [289]).
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Appendix Figure 32
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Appendix Figure 32: A) Superimposition of the EM structure of Munc18-1 (Stepien et al. (2022 [69], PDB: 7UDC),
colored in rose), with the unfurled loop capable of binding Syb2, and the crystal structure of Munc18-1 (Burkhardt
et al. (2008 [140], PDB: 3C98), colored in blue) with the furled loop, binding Stx1 in its closed conformation. The
missing part of each loop was modeled using MoMa-LoopSampler (Barozet et al. (2022) [289]). B) Superimposed
Munc18-1 structures with Syb2 from the EM complex structure (Stepien et al. (2022 [69], PDB: 7UDC), colored in
gold). Overlaying reveals a potential hindrance to their interaction caused by the furled loop, as evidenced by the
overlapping of both structures. C) Superimposed Munc18-1 structures with Stx1B from the crystal structure of the
Stx1:Munc18-1 complex (Burkhardt et al. (2008 [140], PDB: 3C98), colored in light blue). The structure of the
unfurled loop collides with the SNARE motif of Stx1B, which implies that a complete unfurling of the loop is only
possible by significant conformational changes. D) Mapped cross-links between Stx1B and Munc18-1P326K revealed
one cross-link between K321 (Munc18-1) and K188 (Stx1) which showed overlength, implying a conformational
change of the furled loop.

Appendix Figure 33
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Appendix Figure 33: A) Venn diagram shows the counts of intermolecular cross-links between Stx1B and
Munc18-1, highlighting the overlap of identical cross-links from XL-MS measurements of Stx1BWT (purple),
Stx1B22'P (salmon), and Stx1BE2'%K (blue). B) Box plots display the length dispersion of intermolecular cross-links
between Stx1B wild-type and mutants, and Munc18-1, including the unspecific overlength cross-links involving
K251 of Stx1B. Median and average values are indicated as straight and dashed line, respectively, within the boxes.
Grey dashed line indicates maximum distance constraint. Data were analyzed and plotted using OriginPro-2023
(OriginLab Corporation).
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Table 7.1: Detailed statistical data Stx1B wild-type and Mutant constructs

Figure Parameter Genotype Number of Mean SEM Median Statistical test Adjusted p-value
measured Experiments (vs. WT)
4.1C) Twm WT 3 69.42 °C 0.31°C 69.52 °C Student’s t-test
E210K 3 69.08 °C 0.54 °C 69.19 °C >0.05 (n.s.)
L221P 3 70.56 °C 0.49 °C 70.65 °C >0.05 (n.s.)
4.3C) Tm WT 3 83.54 °C 0.56 °C 83.63 °C Student's t-test
E210K 3 83.81°C 0.46 °C 83.89 °C >0.05 (n.s.)
L221P 3 75.72 °C 0.86 °C 75.83 °C < 0.001
4.7 B) Half . Shapiro-Wilk-
alt-maximum WT 6 60.61s 9.78s 57.65s test, Student's
fusion time
t-test
E210K 9 48.96 s 6.32's 49.90's >0.05(ns.),
(< 0.01vs. L221P)
L221P 7 84.88 s 5.75 89.58's <0.05(ns.),
(< 0.01 vs. E210K)
47D) Initial fusion WT 6 0.018 a.u./s 0.003 a.u/s 0.016 a.u./s Welch-test
velocity
E210K 9 0.024 a.u/s 0.004 a.u/s 0.02 a.u/s >0.05(ns.),
(< 0.05 vs. L221P)
L221P 7 0.010 a.u/s 0.001 a.u/s 0.01a.u/s < 0.05,
(< 0.05 vs E210K)
Western blot
WT 3 1.0 - - -
4.8D) band intensity
L221P 3 0.29 0.07 0.36 -
E210K 3 0.39 0.12 0.35 -
E210K, K82E 3 0.74 0.06 0.79 -
4.10 Kb WT 3 9.9 nM 1.6 nM 11.5+54nM -
L221P 3 216.2 nM 7.2nM 220 + 34 nM -
E210K 3 2.3 UM 0.4 uM 2.4 +0.7 pM .
E210K, K82E 3 25.2 nM 2.2 nM 23+7nM -
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4.12 Kb E210K, K82E 3 252 nM 2.2nM 23+7nM -
E210K, K83E 3 No binding No binding No binding -
E210K, K82E, K82E 3 17.5nM 2.4 nM 17.5+3.2nM -
4.13 Tm E210K 3 69.08 °C 0.55°C 68.91 °C -
E210K, K82E 3 72.96 °C 0.18°C 72.81°C -
E210K, K83E 3 66.65 °C 0.35°C 66.71 °C -
Number of
416 A) seizure gvents WT 1 2 0 2 Mann-Whitney-
per 20 min (only test
seizure positive)
L221P 12 4.42 0.72 4 -
E210K 13 3.46 0.66 2 (<0.05 vs,. E210K,
K82E)
E210K, K82E 7 1.57 0.42 1 E
(< 0.05 vs. E210K)
Duration of
4.16 B) dlscha.rge WT 1 133 ms 0ms 133 ms Kruskal-Wallis-
(only seizure test
positive)
L221P 12 453 ms 75 ms 390 ms -
E210K 13 383 ms 56 ms 323 ms -
E210K, K82E 7 289 ms 54 ms 249 ms -
Cumulative
duration of
4.16 C) epileptiform WT 1 265 ms 0 ms 265 ms One-way
events per ANOVA test
20 min (only
seizure positive)
L221P 12 1991 ms 409 ms 1709 ms -
E210K 13 1442 ms 379 ms 863 ms -
E210K, K82E 7 433 ms 123 ms 270 ms -
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% of larvae with

Wild-type zebrafish

Binomial exact

4.17 , 4 100% 0% 100%
touch response population test
Nmd zebrafish 4 75.5% 1.4% 76.5% ]
population
WT population 4 87.3% 2.5% 87.7% <0.0001 vs. 75%
L221P population 3 91.2% 4.6% 94.7% <0.001 vs. 75%
E210K population 4 72.7% 4.3% 76.5% >0.05 vs. 75%
E210K, K82E 5 80.9% 4.2% 82.0% <0.01vs. 75%
pupulation
Length of
4.410) intermolecular WT Number of XL 23.77 A 187 A 21.79 A i
XL =20
Stx1B:Munc18-1
L221P N“m‘_’e1r8°f XL 24.91 A 208 A 22,61 A ;
E210K N“m‘_’92r4°f XL 28.09 A 2.10 A 25.14 A )
Appendix AG WT 3 107 1.9 1.0 ]
Fig. 14
L221P 3 9.8 2.8 9.3 .
E210K 3 -8.35 2.3 7.9 .
E210K, K82E 3 -10.4 0.9 -10.8 .
AH WT 3 -13.2 2.4 -135 .
L221P 3 -18.6 2.2 -17.9 -
E210K 3 -7.93 1.2 8.2 .
E210K, K82E 3 -12.3 1.03 11.9 -
-TAS WT 3 2.45 0.7 25 -
L221P 3 8.81 1.1 8.5 .
E210K 3 -0.42 0.5 -0.22 .
E210K, K82E 3 2.23 0.2 1.9 -
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. Number of Kruskal-Wallis-
Appendix | . e events wT 15 0.13 0.13 0.0
Fig. 17 A) . test
per 20 min
L221P 24 2.21 0.59 0.5 <0.05
E210K 21 2.14 0.55 2.0 <0.01
E210K, K82E 20 0.55 0.22 0.0 >0.05
Appendix Duration of WT 15 9ms 9ms 0ms Kruskal-Wallis-
Fig. 17 B) discharge test
L221P 24 266 ms 60 ms 54 ms <0.01
E210K 21 237 ms 54 ms 251 ms <0.01
E210K, K82E 20 101 ms 36 ms 0ms >0.05
Cumulative
, duration of One-wa
Appendix epileptiform WT 15 18 ms 18 ms 0ms y
Fig. 17 C) ANOVA test
events per
20 min
L221P 24 996 ms 288 ms 54 ms <0.05
E210K 21 893 ms 279 ms 327 ms <0.05
E210K, K82E 20 152 ms 63 ms 0ms >0.05
Appendix Tu WT 3 62.31°C 1.69 °C 62.61°C Student’s t-test
Fig. 18 C)
InDel 3 41.70 °C 2.86 °C 41.92°C < 0.0001
Length of
Appendix intermolecular Number of XL
Fig. 33 B) XL WT -5 2721 A 263 A 23.34 A -
Stx1B:Munc18-1
L221P N“m:ezrzc’f L 27.71 A 2.59 A 22.85 A -
E210K N“mt_’ezrff XL 28.39 A 244 A 26.44 A -
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Table 7.2: Detailed statistical NMR data

Figure Protein Number of assigned Peaks Mean relative intensity Stdev. Cutoff
4.20 and Appendix 1SN-Syb2"T (20 uM) + 42 0.832 0.225 0.606
Fig. 20 Munc13-MUN (5 pM)
1SN-Syb2WT (20 uM) + 42 0.729 0.285 0.444
Munc13-MUN (10 pM)
SN-Syb2WT (20 pM) + 42 0.685 0.319 0.365
Munc13-MUN (15 uM)
SN-Syb2WT (20 pM) + 42 0.659 0.319 0.338
Munc13-MUN (20 uM)
15N-Syb2WT (20 uM) + 42 0.590 0.335 0.255
Munc13-MUN (40 pM)
4.22 15N-Syb2W8%A (20 uM) + 40 0.825 0.255 0.570
Munc13-MUN (40 pM)
4.23 5N-Syb2W8%A (20 uM) + 40 0.864 0.258 0.606
Munc13-MUN (40 uM)
4.24 15N-Syb2WWAA (20 uM) + 37 0.976 9.091 0.885
Munc13-MUN (40 uM)
4.25 15N-Syb2"T (10 uM) + 42 0.695 0.153 0.541
Stx1BWT:Munc18-1"T (10 uM)
4.26 B) 15N-Syb2"T (10 uM) + 42 0.586 0.093 0.492
Stx1BV218E:Munc18-1"T (10 uM)
4.26 C) SN-Syb2WT (10 puM) + 42 0.490 0.094 0.396
Stx1BWT:Munc18-1P326K (10 uM)
4.26 D) SN-Syb2"T (10 uM) + 42 0.401 0.097 0.304
Stx1BWT:Munc18-1P335A (10 uM)
Appendix Fig. 21 15N-Syb2WT (18.2 M) + 29 0.696 0.249 0.448

unc18- yav
Munc18-1"T (11.7 uM
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Table 7.3: Intermolecular Cross-links length

Figure Proteins Position lysine A (protein) Position lysine B (protein) Length
WT _

435B) Munc 3-Mu§y(2§9-1(;33(,3)m408-1452) 52 (Syp2") 978 (Munc13-MUN) 1325 A
52 (Syb2"T) 1010 (Munc13-MUN) 112.7 A

52 (Syb2"T) 1025 (Munc13-MUN) 126.4 A

52 (Syb2"T) 1162 (Munc13-MUN) 84.7 A

52 (Syb2"T) 1248 (Munc13-MUN) 75.2 A

52 (Syb2"T) 1311 (Munc13-MUN) 60.3 A

52 (Syb2"T) 1330 (Munc13-MUN) 65.5 A

83 (Syb2"T) 1482 (Munc13-MUN) 215A

91 (Syb2"T) 1482 (Munc13-MUN) 16.1 A

4.36 B) Syb2R7K¢ (1-96) R47K (Syb2R47K) 978 (Munc13-MUN) 127.7 A

Munc13-MUN (859-1531, A1408-1452)

RA7K (Syb2R47¥) 1025 (Munc13-MUN) 122.5 A

RA7K (Syb2R47¥) 1248 (Munc13-MUN 70.0 A

52 (Syb2R47K) 978 (Munc13-MUN) 132.5 A

52 (Syb2R47K) 1025 (Munc13-MUN) 126.4 A

52 (Syb2R47K) 1162 (Munc13-MUN) 84.7 A

52 (Syb2R47K) 1248 (Munc13-MUN) 75.2 A

52 (Syb2R47K) 1311 (Munc13-MUN) 60.3 A

52 (Syb2R47K) 1419 (Munc13-MUN) 45.0 A

91 (Syb2Rr47¥) 1428 (Munc13-MUN) 16.1 A

4374) Mufz:’gfwg('gg)g‘” 52 (Syb2"T) 92 (Munc18-1Ty 56.8 A
52 (Syb2"T) 120 (Munc18-1YT) 63.4 A

52 (Syb2"T) 125 (Munc18-1"T) 58.4 A

52 (Syb2"T) 277 (Munc18-1T) 18.4 A

52 (Syb2"T) 308 (Munc18-1WT) 216 A

52 (Syb2WT) 314 (Munc18-1WT) 16.2 A
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52 (Syb2"T)

321 (Munc18-1%T)

21.1A

52 (Syb2"T) 332 (Munc18-1T) 135 A
59 (Syb2"T) 314 (Munc18-1%T) 14.5 A
4.38B) Mun?]lg—z:g” Z(QK'?S_)594) 52 (Syb2WT) 20 (Munc18-1023K) 400 A
52 (Syb2WT) 92 (Munc18-10236K) 56.2 A
52 (Syb2"T) 120 (Munc18-10236K) 62.9 A
52 (Syb2"T) 125 (Munc18-10236K) 57.9 A
52 (Syb2WT) 277 (Munc18-10236K) 18.1 A
52 (Syb2"T) 308 (Munc18-10236K) 220A
52 (Syb2"T) 314 (Munc18-10236K) 16.5 A
52 (Syb2WT) 321 (Munc18-10236K) 21.5 A
52 (Syb2WT) D326K (Munc18-10236K) 20.1 A
52 (Syb2"T) 332 (Munc18-10236K) 133 A
52 (Syb2WT) 333 (Munc18-10236K) 12.8 A
52 (Syb2WT) 339 (Munc18-10236K) 12.8 A
59 (Syb2"T) 277 (Munc18-10236K) 15.9 A
59 (Syb2"T) 314 (Munc18-10236K) 143 A
59 (Syb2"T) 321 (Munc18-10236K) 26.3 A
83 (Syb2"T) 294 (Munc18-10236K) 19.1 A
91 (Syb2"T) 125 (Munc18-10236K) 78.1 A
Syb2"T (1-96)
4.39B) Munc18-1"T (2-594) 52 (Syb2'"T) 120 (Munc18-1""T) 63.1A
Stx1BWT (25-252)
52 (Syb2WT) 125 (Munc18-1T) 58.1 A
52 (Syb2"T) 308 (Munc18-1%T) 19.5 A
52 (Syb2WT) 314 (Munc18-1%T) 15.4 A
52 (Syb2WT) 321 (Munc18-1%T) 1.4 A
52 (Syb2"T) 87 (Stx1BYT) 22,5 A
54 (Stx1BWT) 526 (Munc18-1T) 44.9 A
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54 (Stx1BWT)
55 (Stx1BWT)
91 (Stx1BWT)
93 (Stx1BWT)
93 (Stx1BWT)
116 (Stx1BWT)
139 (Stx1B"T)
139 (Stx1B"T)
139 (Stx1B"T)
139 (Stx1B"T)
139 (Stx1B"T)
139 (Stx1B"T)
203 (Stx1B"T)
203 (Stx1B"T)
251 (Stx1BWT)
251 (Stx1B"T)

314 (Munc18-1WT)
526 (Munc18-1'T)
332 (Munc18-1'T)
321 (Munc18-1'T)
332 (Munc18-1'T)
333 (Munc18-1'T)
314 (Munc18-1T)
321 (Munc18-1WT)
333 (Munc18-1T)
339 (Munc18-1T)
343 (Munc18-1WT)
526 (Munc18-1'T)
332 (Munc18-1T)
333 (Munc18-1WT)
92 (Munc18-1WT)
120 (Munc18-1WT)

19.7 A
46.2 A
25.0A
31.4A
21.7A
295A
10.3 A
252 A
19.4 A
18.1 A
21.9A
44.7 A
23.3A
20.3A
26.5A
36.7 A

4.40C)

Stx1BWT (25-252)
Munc18-1WT (2-594)

54 (Stx1BWT)

54 (Stx1BWT)

91 (Stx1BWT)

93 (Stx1BWT)

116 (Stx1BWT)
116 (Stx1BWT)
125 (Stx1BWT)
139 (Stx1B"T)
139 (Stx1BWT)
139 (Stx1BWT)
139 (Stx1B"T)
139 (Stx1B"T)

177

314 (Munc18-1T)

526 (Munc18-1T)
332 (Munc18-1WT)
332 (Munc18-1WT)
332 (Munc18-1WT)
63 (Munc18-1WT)
20 (Munc18-1WT)
308 (Munc18-1WT)
314 (Munc18-1WT)
321 (Munc18-1WT)
332 (Munc18-1WT)
333 (Munc18-1WT)

19.7 A

459 A
25.0 A
21.7A
26.9 A
20.4 A
18.4 A
18.7 A
10.3 A
252 A
21.9A
19.4 A



139 (Stx1B"T)
139 (Stx1B"T)
139 (Stx1B"T)
203 (Stx1B"T)
203 (Stx1BWT)
203 (Stx1B"T)
251 (Stx1B"T)
251 (Stx1BWT)
251 (Stx1B"T)
251 (Stx1B"T)
251 (Stx1BWT)
251 (Stx1B"T)
251 (Stx1B"T)

339 (Munc18-1WT)
343 (Munc18-1WT)
526 (Munc18-1'T)
321 (Munc18-1'T)
332 (Munc18-1'T)
333 (Munc18-1'T)
98 (Munc18-1WT)
120 (Munc18-1"T)
20 (Munc18-1WT)
308 (Munc18-1'T)
356 (Munc18-1WT)
584 (Munc18-1'T)
92 (Munc18-1WT)

18.1 A
21.9A
44.7 A
27.3A
23.3A
20.3A
19.1 A
36.7A
34.2 A
57.3A
55.7 A
51.1 A
26.5 A

4.41D)

Stx1B2'P (25-252)
Munc18-1WT (2-594)

54 (Stx1BL221P)

55 (Stx1BL221P)
116 (Stx1BL221P)
116 (Stx1BL221P)
116 (Stx1BL221P)
125 (Stx1BL22'P)
139 (Stx1BL22'P)
139 (Stx1BL22'P)
139 (Stx1BL22'P)
139 (Stx1BL22'P)
139 (Stx1BL22'P)
139 (Stx1BL22'P)
203 (Stx1BL221P)
203 (Stx1BL221P)
203 (Stx1BL221P)

178

314 (Munc18-1T)

526 (Munc18-1T)
332 (Munc18-1WT)
333 (Munc18-1T)
339 (Munc18-1T)
120 (Munc18-1"T)
308 (Munc18-1WT)
314 (Munc18-1WT)
321 (Munc18-1WT)
333 (Munc18-1WT)
339 (Munc18-1WT)
343 (Munc18-1WT)
321 (Munc18-1WT)
332 (Munc18-1WT)
333 (Munc18-1WT)

19.7 A

46.2 A
26.9 A
29.5A
21.2 A
441 A
18.7 A
10.3 A
252 A
19.4 A
18.1 A
21.9A
27.3 A
23.3A
20.3A



251 (Stx1BL221P)
251 (Stx1BL221P)
251 (Stx1BL221P)
251 (Stx1BL221P)
251 (Stx1BL221P)
251 (Stx1BL221P)

98 (Munc18-1"T)
120 (Munc18-1"T)
125 (Munc18-1WT)
321 (Munc18-1'T)
356 (Munc18-1WT)
92 (Munc18-1WT)

19.1 A
36.7 A
30.7 A
54.6 A
55.7 A
26.5A

4.41E)

Stx1BE?10K (25-252)
Munc18-1WT (2-594)

54 (Stx1BE210K)

54 (Stx1BE210K)
87 (Stx1BE210K)
91 (Stx1BE210K)
93 (Stx1BE10K)
93 (Stx1BE10K)
116 (Stx1BE210K)
116 (Stx1BE210K)
116 (Stx1BE210K)
125 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
139 (Stx1BE210K)
188 (Stx1BE210K)
203 (Stx1BE210K)
203 (Stx1BE210K)
203 (Stx1BE210K)

179

7 (Munc18-1WT)

314 (Munc18-1T)
356 (Munc18-1WT)
332 (Munc18-1%T)
321 (Munc18-1T)
332 (Munc18-1T)
294 (Munc18-1WT)
332 (Munc18-1"T)
339 (Munc18-1T)
120 (Munc18-1"T)
7 (Munc18-1WT)
314 (Munc18-1T)
321 (Munc18-1WT)
332 (Munc18-1WT)
333 (Munc18-1WT)
339 (Munc18-1WT)
343 (Munc18-1WT)
526 (Munc18-1WT)
332 (Munc18-1WT)
321 (Munc18-1WT)
332 (Munc18-1WT)
333 (Munc18-1WT)

314 A

19.7 A
47.0A
25.0 A
314 A
21.7A
38.8A
26.9 A
21.2 A
441 A
30.6 A
10.3 A
252 A
21.9A
19.4 A
18.1 A
21.8 A
44.7 A
422 A
27.3 A
23.3A
20.3A



251 (Stx1BE210K)
251 (Stx1BE210K)
251 (Stx1BE210K)
251 (Stx1BE210K)
251 (Stx1BE210K)

98 (Munc18-1"T)
120 (Munc18-1"T)
356 (Munc18-1'T)
584 (Munc18-1'T)
92 (Munc18-1"T)

19.1 A
36.7 A
55.7 A
51.1A
26.5A

Appendix Fig. 30 A)

Syb2R¥K (1-96)

Munc13-MUN (859-1531, A1408-1452)

52 (Syb2R30K)

52 (Syb2R3K)
52 (Syb2R30K)
52 (Syb2R3K)
52 (Syb2R3K)
52 (Syb2R30K)
52 (Syb2R30K)
83 (Syb2R3K)

978 (Munc13-MUN)

1025 (Munc13-MUN)
1043 (Munc13-MUN)
1162 (Munc13-MUN)
1248 (Munc13-MUN)
1291 (Munc13-MUN)
1311 (Munc13-MUN)
1428 (Munc13-MUN)

132.5 A

126.4 A
107.5 A
84.7A
752 A
384 A
60.3 A
21.5A

Appendix Fig. 30 B)

Syb2”K (1-96)

Munc13-MUN (859-1531, A1408-1452)

52 (Syb2A3K)

52 (Syb2A3K)
52 (Syb2A%)
52 (Syb2A%)
52 (Syb2A3K)
52 (Syb2A%)
83 (Syb2A%)

978 (Munc13-MUN)

1025 (Munc13-MUN)
1147 (Munc13-MUN)
1162 (Munc13-MUN)
1248 (Munc13-MUN)
1419 (Munc13-MUN)
1482 (Munc13-MUN)

132.5 A

126.4 A
92.8 A
84.7 A
752 A
450 A
21.5A
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