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1 Summary

The plasma membrane is a highly crowded place consisting of a plethora of pro-
teins and lipids, which show a high degree of micropatterning. Most proteins are
not homogeneously distributed but concentrated in clusters. Moreover, clusters of
different proteins group together by a yet not understood mechanism.

The two classical SNARE-proteins Syntaxin 1A and SNAP25 are one example of
such proteins. Together with Synaptobrevin, they are known to catalyze neuronal
exocytosis. Even though they need to form complexes for this process, they are
largely segregated in the plasma membrane. Syntaxin 1A is concentrated in clus-
ters, occupying only a small part on the plasma membrane. The more abundant
SNAP25 on the other hand can be found in rather large, more widespread crowds.
The cytosolic protein Munc18-1 is a key regulator of neuronal exocytosis and binds

tightly to Syntaxin 1A.

In this study, we wanted to determine the relationship between Syntaxin 1A clus-
ters and SNAP25 crowds at the plasma membrane of PC12 cells. To this end, we
combined quantitative western blot for stoichiometric analysis, epitope accessibil-
ity to probe for molecule crowding and high-resolution microscopy to localize pro-
tein clusters/crowds.

Furthermore, using epifluorescence and high-resolution microscopy, we found that
Syntaxin 1A is capable to redistribute the more abundant SNAP25 crowds on the
plasma membrane. In particular, raising the Syntaxin 1A concentration at the plasma
membrane lead to an expected increase in its cluster size and number on the mem-
brane, whereas SNAP25 crowds interestingly became darker and more clustered.
A Syntaxin 1A deletion variant where the N-terminal part of the SNARE-motif was
deleted did not show this effect. By comparing different SNAP25 deletion variants
we could further determine that the N-terminal motif of SNAP25 was the main

facilitator of interaction with Syntaxin 1A. We conclude that Syntaxin 1A clusters
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and SNAP25 crowds group together (organizing on the mesoscale) via a SNARE-
SNARE-motif interaction.

Additionally, the effect of Munc18-1 on the mesoscale distribution of SNARE-proteins
was analyzed as well. Experiments using recombinant Munc18-1 showed bind-
ing towards Syntaxin 1A, yet we could not detect any significant effect on the

mesoscale distribution of the two SNARE-proteins.

All in all, in this study we showed that the SNARE-motif not only play an impor-
tant role in the fusion of membranes, yet it also facilitates a strong protein-protein
interaction which is capable organizing Syntaxin 1A clusters and SNAP25 crowds

at the plasma membrane.



2 Introduction

2.1 Cellular membranes

Cellular membranes are only a couple of nanometers in width, yet without them,
there would be no cell at all. The basis of all cellular membranes is a lipid bi-
layer. Prokaryotes (Bacteria and Archaea) only possess an outer cell membrane,
they do not show any internal membranous organelles. Compared to that, Eukary-
otes contain membrane-bound organelles with distinct functions and a specialized
nucleus (Figure 2.1). This enhances their overall physiological efficiency, because
due to compartmentalization, different biochemical reactions can take place simul-
taneously and in close proximity within the cell.

The plasma membrane encloses the cell from its external surrounding. Even though
itis a physical barrier that encapsulates the cell, it is not a rigid structure, but highly
flexible. The plasma membrane is semi-permeable, allowing for diffusion of small,
uncharged molecules. It also allows for passive transport (along a concentration
gradient) or active transport (energy dependent) across the membrane of charged
and/or larger molecules. Next to its function as a barrier, the plasma membrane is
also a place of communication. It receives and transmits signals from one side to

the other, enabling the cell to react and adapt to its surroundings.
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FIGURE 2.1: Compartmentalization in the eukaryotic cell. Schematic overview of
an eukaryotic cell, with key organelles highlighted, all encapsulated by a lipid bi-
layer. This creates specific micro environments in the cell, leading to simultaneous
biochemical reactions inside the cell. Membranes also allow active communication
with the extracellular environment, which is crucial for the survival of the cell and
subsequently the whole organism (modified from: Campbell et al., 2010).

2.1.1 Basic components of the membrane

Even though the functions of membranes are manifold, overall they contain only
a few classes of biomolecules. The principal components of each biological mem-
brane are lipids and proteins, as well as carbohydrate groups attached to some of

them.

2.1.1.1 Lipids

Amphipathic lipids are the main structural component of the membrane. They
have a small, polar headgroup and a non-polar tail. Overall, the specific lipid com-
position of membranes defines and changes their physical properties. We can see
an asymmetric distribution of lipids between the inner and outer leaflet of the mem-
brane. This asymmetric distribution is maintained at all times, regulating biologi-
cal processes such as signal transduction. Acyl-chains from one lipid can protrude
from one leaflet into the other, leading to interleaflet coupling (Nickels et al., 2015),

which can affect leaflet composition (Fowler et al., 2016).
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We can distinguish three major classes of lipids in eukaryotes (mentioned in de-
creasing order of frequency): (i) Glycerophospholipids (GPLs); (ii) Sphingolipids
(SLs) and (iii) Sterols.

(i) Glycerophospholipids (GPLs) contain a glycerol backbone that is linked to two
hydrophobic fatty acids. The fatty acid chains can vary in length and their number
in double bonds. GPLs can be distinguished by their different headgroups, which
are attached to the glycerol backbone via a phosphate linker. The headgroups can
vary, influencing the properties of the lipid itself. Some of the most common head-
groups are choline, serine, glycerol or inositol. The dominant membrane lipid in

most species (except E. coli) is Phosphatidylcholine (PC), which is zwitterionic.

(ii) SLs have a similar composition as GPLs, yet they differ in their backbone.
Here, the backbone is a sphingosine, where one fatty acid and a polar headgroup
are linked to. The most common SLs are sphingomyelins, which contain either a
phosphocholine or a phosphoethanolamine headgroup. The membranous myelin
sheath that surrounds the axons of nerve cells for insulation purposes is especially
rich in sphingomyelins. Furthermore, SLs can also be glycosylated to yield gly-
cosphingolipids. Glycosphingolipids are found almost exclusively in the outer

leaflet of the membrane (Fujimoto et al., 2017).

(iii) Sterols differ to GPLs and SLs in the way that their general basic structure
is a four-fused-ring structure, that is nearly planar. Its derivative cholesterol is the
major component in animal plasma membranes. Additionally, cholesterol is also
an important precursor to other steroid hormones. Its ring-system structure makes
it more rigid than other membrane lipids, therefore making it an important factor

influencing the properties, specifically fluidity, of membranes.

2.1.1.2 Proteins

Proteins are the most abundant component of the plasma membrane, they consti-

tute up to half of the overall membrane area (Lindén et al., 2012). One can generally
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distinguish between two types of proteins in the membrane: (i) Integral or (ii) pe-

ripheral proteins.

(i) Integral proteins are tightly associated with the membrane by hydrophobic forces.
They are either embedded into the lipid core of the membrane, with one or several
membrane spanning domains (transmembrane regions, TMRs), or they are only

embedded into one layer of the membrane.

(ii) Peripheral proteins only interact with the surface of the cell membrane. They
can be anchored to the membrane via electrostatic interactions with lipid head-
groups, hydrophobic interactions or post-translational modifications (i.e. a glyco-

sylphosphatidylinositol (GPI) anchor).

2.2 Lateral organization of the membrane

The first model describing the organization of cellular membranes was proposed
50 years ago by Singer and Nicolson (Singer et al., 1972, Figure 2.2). In this model,
the biological membrane is described as a homogeneous mixture of "proteins in a
sea of lipids".

Coming from the basic fluid-mosaic model, the "lipid-raft-hypothesis" (Simons et
al., 1997) changed the view of the membrane. According to Simons and colleagues,
cholesterol and sphingolipids form liquid ordered phases, so-called “lipid rafts",
which represent an interaction surface for proteins to attach. Rafts themselves were
experimentally defined as detergent-resistant membranes (DRMs), because they
survived solubilization with Triton-X 100 at 4 °C and could be isolated by density
gradient centrifugation. Over the years, many controversies came up regarding
the lipid-raft-hypothesis. Finally, DRMs have been shown to most likely be post-
solubilization artifacts (Munro, 2003; Heerklotz, 2002; Schuck et al., 2003).

As a result of the controversies, the term “lipid raft” was re-defined by leading
researchers at a 2006 symposium (Pike, 2006). This lead to a shift from speaking

about "lipid rafts" to "membrane rafts". Membrane rafts were collectively defined
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as highly transient, heterogeneous accumulations that compartmentalize cellular
processes. Per definition, they are highly enriched in sterol- and sphingolipids and
can vary in size from around 10 to 200 nm.

Still, even considering the above discussed controversies and the re-definition of
the term, the phenomenon of micropatterning on the membrane is beyond debate
(Figure 2.2). A different model that tries to explain the lateral in-homogeneity and
movement of proteins is the “picket-fence-model”. It suggests that transmembrane
proteins (“pickets”) are anchored to the cytoskeleton-network (“fences”) thus rep-
resenting barriers, which could explain hop diffusion of molecules (Kusumi et al.,
1993; Kusumi et al., 2010).

When talking about micropatterning, studies also show that membrane rafts/domains
exhibit a specific lateral organization between themselves, termed “mesoscale orga-
nization” (Lillemeier et al., 2006; Saka et al., 2014). Important work from Lillemeier
and colleagues showed by using transmission electron microscopy of membrane
sheets from T-cells that proteins assemble in certain areas (which they call “protein
islands”), surrounded by protein-free regions. Protein-islands showed enrichment
of cholesterol, in contrast to protein-free regions (Lillemeier et al., 2006). Later on,
Saka et al. employed metabolic labeling and click chemistry in live cells as well
as on membrane sheets to study the distribution of proteins on the membrane.
They found that proteins were not homogeneously distributed on the membrane,
yet found proteins in larger assemblies, and those assemblies were stabilized by
cholesterol (supporting Lillemeier ‘s results). Additionally, they observed that pro-
teins seem to prefer a specific location inside of multi-protein assembly (Saka et al.,
2014).

At the moment, it can be safely concluded that most, if not all, proteins are segre-
gated in specific areas on the membrane. The biological implications of this spatial
organization can be diverse.

Using super-resolution microscopy combined with steady-state cross-correlation
showed that the B-cell receptor (BCR) and the Lyn kinase (Src- family tyrosine ki-

nase) transiently co-localize upon antigen presentation in intact cells (Stone et al.,
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2015). It was further shown that BCR clustering stabilizes ordered membrane do-
mains and enhancing the local concentration of BCRs can influence downstream
signaling (Stone et al., 2017).

Accumulation of proteins have long been suggested to play a role in the infec-
tion of viruses, one example for that are Tetraspanins (Tspans). Tspans constitute
a conserved family of four-span transmembrane proteins, capable of forming in-
teractions with themselves and other membrane proteins, giving rise to so-called
“Tspan-enriched microdomains (TEMs)” (Monk et al., 2012). It has been shown that
Tspan CD151 and its integration into TEMs (in association with laminin-binding
integrins) plays an essential role in Human papillomavirus type 16 (HPV 16) endo-

cytosis (Scheffer et al., 2013).
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FIGURE 2.2: Lateral organization of the plasma membrane. (A) Lateral hetero-
geneity of the plasma membrane. Depicted are the main components of the mem-
brane, lipids and proteins. (B) Different types of proteins (GPI-anchored protein,
Lipidated protein) are enriched in domains on the membrane. They are small,
highly dynamic and transient in their composition. They are enriched in saturated
lipids (red to orange) which leads to changes in their physical properties such as
decreased fluidity, tighter packing of molecules and specific organization (here: ex-
clusion of a transmembrane protein). Cortical actin is also depicted, which plays
a role in the lateral organization of the plasma membrane (modified from: Sezgin

etal., 2017).
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2.2.1 Biophysical and biochemical consequences of high protein concen-

trations

A characteristic property of cells is that the intracellular environment contains a
very high concentration of macromolecules. Up to 40 % of the total volume in-
side the cell is made up of macromolecules (Chebotareva et al., 2004) (Figure 2.3
A). This very high concentration can have serious consequences on the thermody-
namic activity of macromolecules due to the so-called "excluded volume" effect.
This describes the phenomenon that upon tight packing of bigger macromolecules,
the physical space in between them becomes unavailable for other molecules due
to steric exclusion. An overview of theoretical and in-vitro studies suggested con-
sequences of molecular crowding on the general activity of macromolecules, pro-
motion of molecule assembly, diminishing of diffusion rates and limitation of steric
accessibility (Zhou et al., 2008).

Also the plasma membrane itself has been recognized as a place of high molecular
crowding more than 30 years ago (Ryan et al., 1988). As mentioned earlier (see sec-
tion 2.1), the membrane is constituted of a plethora of proteins embedded in lipids,
more precisely proteins occupy up to 50 % of the overall plasma membrane area
(Lindén et al., 2012) (Figure 2.3 B). Consequences of this crowded environment in-
side the cell also hold true for the cell membrane. Crowding effects on membrane
proteins have been studied with a variety of different experimental approaches. For
example when using FRAP analysis in COS-7 cells, the lateral diffusion of proteins
was slowed down when the total protein concentration in the membrane was in-
creased (Frick et al., 2007). This shows that the mobility of proteins in membranes
is influenced by protein-protein interactions. This result can also be observed in
GUV membranes. Here, FCS measurements revealed a lowered lateral diffusion
constant when increasing the protein density on the membrane (Ramadurai et al.,
2009). The behaviour of isolated proteins can be described by Brownian motion
(Block, 2018). Diffusion of a molecule in any bilayer is dependent on its viscosity

and thickness.
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FIGURE 2.3: Molecular crowding inside the cell and the plasma membrane. The
cell interior is filled with a plethora of different macromolecules: proteins in gen-
eral, organelles of the cell (i.e. ribosomes), RNA as well as cytoskeletal elements
(microtubules, actin and intermediate filaments). A significant portion of the space
is occupied, making it unavailable for other molecules, leading to exclusive volume
effects (modified from: Goodsell, 1992). (B) Modified view of the composition of
the cell membrane. The principle structure remains the same, yet the amount of
proteins embedded in the membrane is much higher than initially estimated (mod-
ified from: Marrink et al., 2019).

2.3 SNARE-proteins

A suitable example to study the clustering behaviour and lateral organization of
proteins on the plasma membrane are proteins from the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE)-family. The first SNARE-
genes were identified in Saccharomyces cerevisiae already in 1980 (Novick et al.,
1980). Since then, conserved forms of SNARE-proteins have also been found in
mammals, Arabidopsis thaliana (Jahn et al., 2012), Drosophila (Littleton, 2000) and
Caenorhabditis elegans (Richmond et al., 2002).

After their initial discovery, they were quickly found to play a key role in almost all
membrane fusion steps. Structurally, all SNARE-proteins share a conserved stretch
of 60-70 amino acids, termed the SNARE-motif. Membrane fusion itself is cat-
alyzed by the assembly of SNARES localized in opposing membranes into coiled-
coil structures (“SNAREpins”) to form trans -SNARE complexes. Assembly starts
at the N-terminus of the SNARE-motifs and continues towards the C-terminus.

This process is described as “zipper-like”, pulling the opposing membranes into
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close proximity until fusion occurs (Weber et al., 1998; Jahn et al., 2006). SNARE-
pins constitute the “minimal membrane fusion machinery” as shown by experi-
ments reconstituting SNARE-proteins into lipid bilayer vesicles and examine their

mixing behavior (Weber et al., 1998).

2.3.1 Neuronal SNAREs

The neuronal SNAREs that catalyze Ca?"-triggered exocytosis of secretory and
small synaptic vesicles are the vesicle protein Synaptobrevin (also: VAMP; vesicle-
associated membrane protein) and the plasma membrane proteins Syntaxin 1A
and SNAP25 (synaptosomal-associated protein of 25kDa) (Figure 2.4 A). The fu-
sion process involving these three proteins has been researched intensively over
the last decades.

The crystal structure of the neuronal SNARE core-complex reveals a twisted forma-
tion of the four SNARE-motifs contributed from Syntaxin 1A, SNAP25 and Synap-
tobrevin (Sutton et al., 1998). This alpha-helical complex is largely hydrophobic,
the core itself is polar. The arginine side chains extend into the asymmetric arrange-
ment and form hydrogen bonds. The amino acids found in this layer are conserved
in almost the entire SNARE-superfamily (Ossig et al., 2000).

Neuronal SNARE-proteins can further be categorized according to their central
aminoacid in the fully zippered SNARE-complex, which is either glutamine (Q-
SNARES) or arginine (R-SNARESs), depending on which they contribute to the full
SNARE-complex (Fasshauer et al., 1998) (Figure 2.4 B). Q-SNARE proteins are fur-
ther categorized into Q,, Q, and Q.-SNAREs (Bock et al., 2001). Alternatively, they
can be categorized according to their membrane location: R-SNAREs are located
at the vesicle membrane, giving them also the name v-SNAREs. Q-SNAREs on
the other hand can be found at the target membrane, hence they are also called
t-SNAREs. Yet, this does not apply in the case of homotypic fusion, where fu-
sion occurs between membranes from the same origin (Delgado Cruz et al., 2019).
The majority of t-SNAREs are anchored to the membrane via a transmembrane
domain located towards the C-terminus. Alternatively, post-translational modifi-

cations facilitate membrane docking. Some SNARESs also have an independently
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folded coiled-coil domain located N-terminally to the SNARE-motif.

Syntaxin1A SNAP25B
N-peptide gg 109 192 254 266 286 19 81 140 202

Synaptobrevin-2

A 91985 114
Q.-SNARE
(SNAP25-C)

Q,-SNARE
zero-layer (SNAP25-N)

9 -7 5 -1|3 -1 |+1 +3 +5 47 |+|9

R-SNARE
(Synaptobrevin-2)

Q,-SNARE
(Syntaxin1A)

FIGURE 2.4: Domain topology of neuronal SNAREs and assembled SNARE core-
complex. (A) The neuronal SNAREs Syntaxin 1A (Uniprot #Q16623), SNAP25
(Uniprot #P60880) and Synaptobrevin-2 (Uniprot #P63027) show a very similar
topology. Each of them contains one SNARE-motif, with SNAP25 even contain-
ing two SNARE-motifs. SNAP25s palmitoylated cysteine-cluster (which is impor-
tant for membrane anchoring) is shown as vertical dashes. Amino acid sequence
and domain positioning according to Uniprot. Displayed is the human form of
each protein. (B) The SNARE core-complex exhibits a twisted formation. SNAP25
(green) contributes two SNARE-motifs with one glutamine each, Syntaxin 1A (red)
contributes one SNARE-motif with a central glutamine and lastly Synaptobrevin-2
(blue) contributes one motif with an arginine. From N- to C-terminus, the layers are
labeled from -9 up to +9, with the zero-layer in the middle (modified from: Baker
et al., 2016).

2.3.2 Syntaxin 1A

The syntaxin-family consists of 15 known genes in mammals, with a total of 18 syn-
taxin proteins. They were first described in 1992 as two 35-kDa proteins involved
in the docking of synaptic vesicles (Bennett et al., 1992). They turned out to be Syn-
taxin 1A and 1B, which are located at the plasma membrane and are expressed in
neuronal and secretory cells. The remaining members of the syntaxin family show

a ubiquitous distribution (Teng et al., 2001).
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Characteristic structural features include their C-terminal transmembrane region
(TMR), with no extracellular part. The TMR is followed by a short poly-basic
linker and the SNARE-motif. Another linker connects the SNARE-motif to the
N-terminus end is comprised of several hydrophobic segments, which can inde-
pendently fold into coiled-coil a-helical structures (Teng et al., 2001) (Figure 2.5).
Some members of the family also display an additional small N-terminal peptide
(Dulubova et al., 2003).

In Syntaxin 1A, the N-terminal domain is known as the H,;.-domain (Fernandez
et al., 1998) and folds back onto the SNARE-motif when its isolated (Dulubova
et al., 1999). This so-called "closed conformation" renders the protein inaccessible
for further interactions with SNAP25 and consequently SNARE-complex assembly.
A later study specified that isolated Syntaxin 1A switches independently between
open and closed states on a sub-millisecond time scale (Margittai et al., 2003) (Fig-
ure 2.5, left side). This conformational change apparently plays a key role in the
regulation of synaptic transmission.

Syntaxin 1A can also be found in tightly packed clusters on the plasma membrane,
containing roughly several dozens of molecules with a cluster diameter of around
70 nm (Figure 2.5, right side). These assemblies are highly dynamic with single

syntaxin-molecules entering and exiting a cluster (Sieber et al., 2007).

2.3.3 SNAP25

Shortly after its initial discovery (Oyler et al., 1989), SNAP25 was isolated as part of
the SNARE-complex confirming its importance in exocytosis (Sollner et al., 1993).
It is the founding member of the sub-family of proteins which can mostly be found
in the post-Golgi secretory pathway (Kadkova et al., 2019). In vertebrates, SNAP23,
SNAP25, SNAP29 and SNAP47 could be identified to be expressed in neurons
(Arora et al., 2017).

Compared to other SNARE-proteins, SNAP25 contains two SNARE-motifs which it
contributes to the SNARE-complex necessary for membrane fusion. When not en-

gaged in a complex, the SNARE-motifs are largely unstructured and only become
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Stx1A molecule: Stx1A molecule: Stx1A cluster
open closed

FIGURE 2.5: Syntaxin 1A conformations and clustering. Diagram showing the
different conformations that Syntaxin 1A is able to adapt. Left side: Syntaxin 1A in
its open conformation. In isolation, Syntaxin 1A switches independently between
the open and closed conformation. Middle part: The single molecule is shown
bound by Munc18-1, locking it into the closed conformation. Right side: When en-
gaged in a cluster, Stx1A is in its open conformation. Striped rectangles represent
cholesterol-enriched membrane regions. Black arrows in between diagrams repre-
sent the fact that all conformations are reversible.

alpha-helical upon association with Syntaxin 1A (Fasshauer et al., 1997b). Almost
all of SNAP25 resides in the plasma membrane, only 20 % is found in a perinuclear
recycling endosome-trans-Golgi network (Aikawa et al., 2006). Attachment to the
membrane is mediated by palmitoylation of four cysteines close to the N-terminal
SNARE-motif (C85, C88, C90 and C92; see vertical dashes in Figure 2.4 A) (Hess
et al., 1992). The two existing splice variants SNAP25A and SNAP25B differ only
in nine amino acids (Bark et al., 1994). SNAP25A is the main isoform in adrenal
chromaffin cells (Grant et al., 1999), whereas SNAP25B is developmentally regu-
lated and the main isoform in the adult brain (Boschert et al., 1996).

SNAP25 is organized in clusters on the membrane that are dependent on choles-
terol (Chamberlain et al., 2002). Estimates of SNAP25 per cluster range between
40-50 (Rickman et al., 2010) and 50-70 molecules (Knowles et al., 2010).

2.3.4 Regulatory SM-proteins

Other proteins involved in the fusion of membranes are the so-called Sec1/Munc18-
like (SM) proteins, whose different members can be found in all eukaryotes (Toonen

et al., 2003). They are hydrophilic proteins and located in the cytoplasm. Structural
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information is available for eight members, which show a highly conserved topol-
ogy. Each one consists of three distinct domains (Domains 1, 2, 3a and b) which

arrange into an arch-shaped form (Archbold et al., 2014) (Figure 2.5, middle part).

2.3.41 Muncl8-1

The best characterized member of this family is Munc18-1, also known as STXBP1
(syntaxin binding protein) or n-Secl. Initial studies showed that Munc18-1 is able
to bind tightly to Syntaxin 1A in its closed conformation, where the H;j.-domain
is folded over onto the SNARE-motif and the central cavity of Muncl8-1 clasps
around it with dissociation constants in the nanomolar range (Pevsner et al., 1994;
Misura et al., 2000). This lead to the hypothesis of Munc18-1 being a negative reg-
ulator of exocytosis by inhibiting the assembly of the SNARE-complex (Wu et al.,
2001). Surprisingly, this was in contrast to another study, which showed that a
complete knock-out of Muncl8-1 lead to a total loss of synaptic transmission in
neurons, without affecting brain development (Verhage et al., 2000).

In-vivo studies proved that Syntaxin 1A is still able to assemble into SNARE-complexes
even in the complete absence of Munc18-1 (Toonen et al., 2005), suggesting a func-
tion further downstream. For example, studies showed that Munc18-1 is important
in the docking of LDCV (large dense core vesicles) to the membrane (Voets et al.,
2001; Toonen et al., 2006).

A multitude of studies examined the binding of these two proteins in detail: Ad-
ditionally to binding a closed conformation of Syntaxin 1A, Munc18-1 is also able
to bind to Syntaxin 1A in its open conformation (Burkhardt et al., 2008, Colbert et
al., 2013) via a conformational adjustment of domain 3 (Munch et al., 2016), most
likely by interacting with its N-peptide (Shen et al., 2010; Pertsinidis et al., 2013).
Furthermore, Munc18-1 also seems to be able to bind to Syntaxin 1A when it is
already engaged in a fully assembled SNARE-complex (Syntaxin 1A / SNAP25 /
Synaptobrevin) (Dulubova et al., 2007; Shen et al., 2007), even though it was shown
that the binding affinity from Muncl8-1 to an assembled SNARE-complex is sig-
nificantly reduced in isolation (Burkhardt et al., 2008). The specific regions of in-

teraction of Munc18-1 and Syntaxin1A have been examined in detail (for a detailed
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overview of important mutations that influence Syntaxin 1A- and/or its interaction
with Munc18-1, see Figure 2.6).

Although the interaction and function of Munc18-1 has been studied in detail (and
in various different experimental systems such as in-vivo mouse models, liposome
reconstitution or proteins in isolation), there is yet no conclusive answer. Most re-
cent studies propose a function of Munc18-1 (in close collaboration with Munc13)
in stabilizing the trans-SNARE-complex against dissociation via NSF/aSNAP (He
etal., 2017; Prinslow et al., 2019). Taken together, Munc18-1 binding of Syntaxin 1A

could stabilize SNARE-complexes and thus influence exocytosis.

A

Munc18-1

‘closed’
= conformation

N-terminal
peptide

FIGURE 2.6: Munc18-1/Syntaxin 1A complex structure. (A) Ribbon representa-
tion of Munc18-1/Syntaxin 1A complex structure. Syntaxin 1A is shown in dif-
ferent shades of blue, the connecting loop between the H,,.-domain and the N-
peptide is shown as a dashed line. Muncl8-1 is shown in different shades from
green (N-terminus) to yellow (C-terminus). (B) Ribbon and surface representa-
tion of the interaction surfaces between Muncl8-1 and Syntaxin 1A, studied muta-
tions in Munc18-1 are written in bold letters. Upper panel: Closed conformation;
Double mutation K46E/E59K (magenta) inhibits binding with syntaxin s closed
conformation and reduces plasma membrane localization of Syntaxin 1A. Point
mutations R39C and K63E (mint) do not seem to influence binding to Syntaxin
1A, even though R39 forms a salt bridge with syntaxin’s H;j.-domain and K63
interacts with syntaxin’s H3-helix. Lower panel: N-terminal peptide interaction
in the hydrophobic pocket on the outer surface of Munc18-1; Double mutation
F115E/E132A (dark red) dramatically reduces Munc18-1 binding to Syntaxin 1A in
a SNARE-complex, yet only reduces the binding slightly to free syntaxin-molecules
(Malintan et al., 2009). (Figure and legend modified from: Han et al., 2009)
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2.3.5 SNARE-cycle

The meticulous interplay between Synaptobrevin, Syntaxin 1A and SNAP25 to
form a tight complex is important to bring two membranes together and ultimately
leads to the release of neurotransmitter or peptide hormones into the synaptic cleft.
This process is strictly regulated by several other accessory proteins.

The process starts with an acceptor-complex at the plasma membrane (Figure 2.7
A). In-vitro studies suggest that SNARE-complex assembly probably starts with an
at least partially arranged Q-SNARE acceptor-complex on the plasma membrane
(Jahn et al., 2006). Other resources argue that a complex between closed Syntaxin
1A and Muncl8-1 is the starting point (Rizo et al., 2015). Even though there has
been a lot of research regarding the starting point, it is not conclusively known
(hence why Figure 2.7 A illustrates both conformations).

Yet, continuing from the acceptor-complex, according to the zipper-hypothesis (Han-
son et al., 1997), the SNARE-complex assembly starts at the N-terminus of the
SNARE-motif, first leading to a loose trans-complex association (Figure 2.7 B). Once
the reaction grows further towards the C-terminus, the full trans-complex (Figure
2.7 C) is formed and the opposing membranes are pulled closer together until fu-
sion. The cis-SNARE complex is present post-fusion and is characterized by the
TMR from Syntaxin 1A and Synaptobrevin being located in the same bilayer (Stein
et al., 2009).

After fusion (Figure 2.7 D), the complex is disassembled by the ATPase n-ethyl-
maleimide-sensitive factor (NSF) together with several molecules of the adaptor
protein soluble NSF attachment protein (here: isoform x-SNAP) (Block et al., 1988;
Weidman et al., 1989), the SNARE-proteins are recycled and used for another fusion
round (Jahn et al., 2006).
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FIGURE 2.7: Schematic model of the SNARE-cycle. (A) Before synaptic vesicle
exocytosis takes place, an acceptor complex is formed. Here, two proposed alter-
natives are shown side by side (see section 2.3.5). (B) Proceeding from the acceptor-
complex, a partially arranged, loose trans-SNARE complex is formed. With the help
of regulatory proteins the synaptic vesicle is primed for fusion. (C) Upon Ca?"-
influx (Synaptotagmin-1 acts as the Ca®*-sensor (Ferndndez-Chacén et al., 2001)),
the full trans-SNARE complex is assembled and pulls the membranes into close
proximity until fusion. The fusion pore opens and expands, releasing neurotrans-
mitter into the synaptic cleft. (D) Afterwards, the cis-SNARE complex is disassem-
bled by the ATPase NSF and its partner xXSNAP by an ATP-dependent mechanism.
The vesicle is recycled as well. For reasons of simplicity, not all regulatory proteins
are shown in detail here.
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2.3.6 SNARE-clustering on the membrane

SNARE-proteins are highly abundant proteins in the presynaptic membrane of
synapses (Wilhelm et al., 2014) as well as in the plasma membrane of neuroen-
docrine PC12 cells (Sieber et al., 2007; Knowles et al., 2010).

Specific molecule numbers of SNAREs on the plasma membrane have been ex-
amined by different groups. For Syntaxin 1A, values from 540 molecules/pm?
(Knowles et al., 2010) up to around 1800 molecules/pm? (Sieber et al., 2007) at
the plasma membrane of PC12 cells are reported. Differences in numbers are most
likely due to different experimental approaches in determining the plasma mem-
brane surface area of PC12 cells. In their 2010 study, Knowles et al. also deter-
mined the number of SNAP25 molecules at the plasma membrane, which where
around 7500 molecules/pm?, resulting in a roughly 14-fold surplus of SNAP25 at
the plasma membrane. Interestingly, at synaptic boutons of rats, the SNAP25 to

Syntaxin 1A ratio is only 1.3 (Wilhelm et al., 2014).

Regarding their lateral distribution on the plasma membrane, Syntaxin 1A and
SNAP25 can be found in clusters or crowds, respectively (Chamberlain et al., 2001;
Lang et al., 2001).

For Syntaxin 1A clustering, the most information is available in the literature. It
is located in tightly packed clusters (Figure 2.5, right side) comprised of several
dozens of molecules with a diameter of 70 nm (Sieber et al., 2007, Knowles et
al., 2010; Rickman et al., 2010), showing an internal density gradient (Bar-On et
al., 2012). Homo-oligomerization occurs mainly via tight interactions from the
SNARE-domain itself (Merklinger et al., 2017), which also facilitates the interaction
with SNAP25 in the plasma membrane. Syntaxin 1A molecules are very dynamic,
exchanging between clusters (Sieber et al., 2007) and reversibly accumulating un-

derneath docked granules (Barg et al., 2010).
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For SNAP25 on the other hand, less information is available regarding its dis-
tribution on the plasma membrane. Clustering is generally cholesterol depen-
dent (Chamberlain et al., 2001) and independent from its SNARE-motifs (Hale-
mani et al., 2010). Studies found that SNAP25-crowds are larger than that of Syn-
taxin 1A (SNAP25 mean diameter 130 nm vs Stx1A mean diameter 93 nm) and
were also more elliptical shaped when employing TIRF-microscopy combined with
dSTORM-imaging of PC12 cells. Additionally, SNAP25-crowds showed more over-
lap with other SNAP25-crowds than reported for Syntaxin 1A clusters (Bar-On
et al., 2012). They are also highly dynamic (as already mentioned for Syntaxin
1A), with freely diffusing molecules in the membrane in balance with clustered
molecules (Bar-On et al., 2012). Furthermore, crowds of SNAP25 are observed

changing in their size or even completely disappearing (Antoku et al., 2015).

In solution, Syntaxin 1A and SNAP25 are interacting, exhibiting different com-
plex configurations. Earliest studies found that a 2:1 (Stx1A)2:SNAP25 complex
can form, where each of SNAP25 s SNARE-motifs interacts with one Syntaxin 1A
(Fasshauer et al., 2004). In this configuration, Synaptobrevin binding is inhibited.
This "dead-end-complex” is probably an off-pathway of the fusion reaction. In a
later study employing liposome fusion assays, this kinetic dead-end-complex was
avoided by increasing the ratio of SNAP25 to Syntaxin 1A. Additionally, stabiliz-
ing the 1:1 hetero-complex with a small fragment of Synaptobrevin increased fusion
rates (Pobbati et al., 2006).

FRET-studies at the plasma membrane of living PC12 cells detected two types of
Syntaxin 1A/SNAP25 complexes. A two-helix complex between the N-terminal
SNARE-motif of SNAP25 and syntaxin’s SNARE-motif has been reported or a
three helix complex between Syntaxin 1A and SNAP25’s SNARE-motifs (thus the
previous mentioned 1:1 Syntaxin 1A/SNAP25 heterodimer). Interestingly, these
two complexes were spatially separated in different cluster populations (Rickman
et al., 2010). Until now, no conclusive evidence was found for the existence of the

2:1 (Stx1A)2:SNAP25 dead-end-complex in native membranes of PC12 cells.
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2.3.6.1 Physiological role of clusters

The function and underlying nature of the organization of the clusters/crowds
has been topic of research for quite some time. Different functions especially of
syntaxin-clusters are debated in the literature (Bogaart et al., 2013).

Some early studies suggested that Syntaxin 1A clusters define vesicle docking and
fusion sites (Lang et al., 2001; Ohara-Imaizumi et al., 2004). It was also found to
reversibly cluster underneath docked granules (Barg et al., 2010). Efficient fusion
was found to require at least three assembled SNARE-complexes (Mohrmann et al.,
2010; Heo et al., 2021). Tight syntaxin-clusters could also enhance the recycling of
cis-SNARE complexes leading to faster re-establishing of the fusion site (Bar-On et
al., 2008).

Another thought is that clustering of Syntaxin 1A in homo-oligomeric clusters might
be a way to promote the reactive 1:1 heteromeric complex and avoid the dead-
end-complex, by shielding syntaxin s reactive SNARE-motif inside of the tightly
packed cluster (Figure 2.5, right side). Thus, molecules inside the cluster are inac-
cessible for SNAP25.

A lot of the research regarding syntaxin-clustering was done in PC12 cells, where
exocytosis can theoretically occur all over the plasma membrane. In comparison
to that, exocytosis at synapses is mainly confined to a specialized membrane, the
so-called "active zone" (AZ). Studies looking directly at syntaxin ‘s localization and
mobility at the AZ and outside of it (using the NM] of Drosophila), found syntaxin-
clusters to be larger in diameter (increase up to around 25 %) as well as a slower
diffusion rate (Ullrich et al., 2015). They conclude from this, that syntaxin-clusters
outside of the AZ might act as "reserve pools" from where more syntaxin molecules
could be recruited to the AZ. A similar observation regarding the decrease in mo-
bility of Syntaxin 1A was already made in FRAP-experiments at the AZ in rat spinal

cord neurons (Ribrault et al., 2011).
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2.3.6.2 Mechanisms of clustering

Regarding the formation of clusters/crowds of Syntaxin 1A and SNAP25, several
mechanisms are thought to likely play a role, which will be exemplified in the fol-

lowing:

Role of cholesterol

Earlier studies employing different cell lines suggested enrichment of SNAREs in
detergent-resistant membranes (DRMs) (Lafont et al., 1999; Chamberlain et al.,
2001; Chamberlain et al., 2002; Salatin et al., 2005). Over the years, the general
believe in DRMs has been questioned, due to a lot of controversies in the literature
and the relative unspecific parameters that define DRMs. Cholesterol specifically
is an important regulator of SNARE-cluster integrity. In neuronal PC12 cells, de-
pletion of cholesterol dissolves SNARE-clusters and inhibits exocytosis (Lang et al.,
2001). The same effects could also be observed in lung epithelial cells (Chintagari et
al., 2006) and endothelial cells (Predescu et al., 2005). However, it is not completely
clear whether disruption of SNARE-clusters due to cholesterol depletion and inhi-
bition of exocytosis directly correlate.

On the other hand, using different experimental parameters, other studies could
show that SNAREs could not be associated with classical raft markers such as
Thy-1 (also: CD90; Glycoprotein attached to the outer surface of the PM) (Lang
et al., 2001) or Flotillin-1 (peripheral membrane protein) (Ohara-Imaizumi et al.,
2004). Yet, reconstitution of SNAREs into giant unilamellar vesicles showed that
they preferentially aggregated in the liquid-disordered /non-raft phase (Bacia et al.,
2004). Interestingly, Syntaxin 4 (important for constitutive exocytosis) organizes in
clusters distinct form Syntaxin 1A (Sieber et al., 2006) which are still intact after
depletion of cholesterol (Low et al., 2006). Separation of syntaxin’s into different
clusters can in part be explained by local hydrophobic mismatch in the membrane
due to a slightly longer TMD from Syntaxin 4 (1-2 residues longer depending on the
species) (Milovanovic et al., 2015). Taken together, cholesterol is in general impor-

tant for membrane micropatterning (Saka et al., 2014), thus probably also affecting
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SNARE-protein behaviour.

Protein-protein interactions

Yet, clustering is also dependent on homophilic protein-protein interactions. Es-
pecially in syntaxin-clusters, the interaction between the SNARE-motif is crucial
for homophilic clustering (Sieber et al., 2006). Raising the calcium concentration
in PC12 cells leads to a significant increase in Syntaxin 1A clustering on the mem-
brane (Zilly et al., 2011). SNAP25 also clusters in an ion concentration dependent
manner on the plasma membrane (Batoulis et al., 2016).

Syntaxin 1A is connected to actin via the adaptor protein Myosin-Va in chromaffin
cells (Watanabe et al., 2005). SNAP25 organization is influenced by the actin cy-
toskeleton as well (Torregrosa-Hetland et al., 2013).

Additionally, heterophilic interactions mediate the sorting of proteins into spatially
distinct clusters on the mesoscale. In non-polarized MDCK cells, Syntaxin 3 has
been shown to interact with microtubules, whereas Syntaxin 4 is dependent on

actin filaments (Low et al., 2006).

Protein-lipid interactions

Ionic interactions between macromolecules and lipids also influence the clustering
behaviour of SNARESs. In PC12 cells and reconstituted lipid bilayers, Syntaxin 1A is
clearly associated with PI(4,5)P;, enriched regions in the membrane via a cluster of
positively charged amino acid residues (***KARRKK?°) located close to the TMD
(Van Den Bogaart et al., 2011; Murray et al., 2011).
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2.3.7 Technical approach to study membranes

Studying plasma membrane components is not as straightforward as one might ex-
pect. As mentioned before, the plasma membrane is a highly crowded place with
protein-protein and protein-lipid interactions, which are important for the integrity
and function of the membrane itself.

A detergent-based approach to study the plasma membrane and its components
has the disadvantage that it disrupts the overall structure and is also able to induce
ordered domains (Heerklotz, 2002). Regarding structural analysis at high resolu-
tion, membrane proteins are also harder to crystallize due to their hydropbic na-
ture, flexibility and instability. Only around 4 % of all deposited structures in pro-
tein databases belong to membrane proteins (see entries in PDB; / /www.rcsb.org/
and PDBTV; / /pdbtm.enzim.hu/).

Imaging proteins in the plasma membrane using microscopic methods has become
very popular because it leaves the membrane environment intact and also gives im-
portant spatial information. However, one major disadvantage of this approach is
the intracellular fluorescence of the cell. One approach to overcome this, is the use
of confocal microscopy. Here, a pinhole in front of the detector blocks light from
outside of the focal plane. This eliminates unwanted background signal, i.e. from
the inside of the cell. Another microscopy approach is "Total internal reflection mi-
croscopy" (TIRF) microscopy, which achieves less background signal by restricting
the illumination only to the plasma membrane itself.

One approach that leaves the physiological environment intact, yet still allows us
to visualize membrane proteins at a high signal-to-noise ratio, is the so-called "cell
unroofing” technique.

Additionally, the lateral size of membrane domains requires a technique that is able
to resolve such small structures. For this study, we combined the approach of na-
tive plasma membrane sheets with sub-diffraction STED-microscopy to analyze the

mesoscale distribution of SNARE-proteins.
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2.3.7.1 Plasma membrane sheets

Because we are focusing on proteins primarily located at the plasma membrane,
we can use plasma membrane sheets to study the localization and behaviour of
SNARE-proteins in their physiological environment. This techniques leaves weak
and transient interactions intact.

This approach was first used in the 70s for electron microscopy experiments (Vac-
quier, 1975) and improved over the following years. Generally, a mechanical force
is used to rip-off the apical part of the cell, leaving behind only the basal plasma
membrane attached to the substrate (Figure 2.8). Employing plasma membrane
sheets has several different advantages. Generating membrane sheets only takes
seconds and is achieved without any other detergents. Thus, it shows a physiolog-
ical snapshot with no disruptions. Furthermore, the cytoplasmic side of the basal
membrane is exposed and thus readily available for subsequent labeling or other
treatments. Lastly, background fluorescence is completely absent which makes it
easy to use for microscopy studies. Membrane sheets in combination with fluo-
rescence microscopy have been used extensively studying exocytosis of secretory
granules at the plasma membrane from PC12 cells (Avery et al., 2000; Holroyd et
al., 2002) or examining the lateral distribution of proteins in general (Lang et al.,

2002).

ultrasound pulse

L .
coverslip

FIGURE 2.8: Generating plasma membrane sheets. To generate native plasma
membrane sheets for microscopy, cells are first seeded on a coverslip prior to the
experiment (left side). Then a short ultrasound pulse is applied to the top of the cell,
subsequently ripping off the top part of the cell (right side). The cytoplasm with its
organelles are removed, leaving behind only the basal plasma membrane. Proteins
and lipids embedded in the basal plasma membrane are now readily accessible for
either further experiments or direct fixation and subsequent immunostaining.
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2.3.7.2 STED-microscopy to visualize nanodomains

In order to visualize nanodomains on the plasma membrane, we need to employ
high-resolution microscopy. Conventional diffraction limited microscopy is not
able to properly resolve the lateral dimensions of nanodomains.

The concept of Stimulated Emission Depletion (STED) microscopy (Wichmann et
al., 1994) (for more technical details see Figure 2.9) was the first successful approach
to overcome the physical diffraction limit in optical microscopy set by Ernst Abbe
over 100 years ago. This achievement was even honored by the Nobel Prize com-
mittee in 2014 due to its far reaching impact in the scientific community.

Since then, more and more groups are routinely using STED-microscopy to analyze
biological structures and processes beyond the diffraction limit, leading to new in-
sights from cellular components, such as organelles or cytoskeletal elements (Sahl

et al., 2017) to imaging live brain tissues (Calovi et al., 2021).
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FIGURE 2.9: Overview of STED-microscopy. The general principle behind STED-
microscopy is to prevent peripheral fluorophores from participating in image for-
mation and thereby enhancing the lateral resolution. (A) Diagram of a STED-
microscope light path, based on a confocal microscope (left side). The excitation
spot (green) which is still diffraction limited, the doughnut-shaped depletion laser
(red) which reduces the lateral PSF size by depleting exited states at the periph-
ery of the excitation spot and the remaining effective PSF (yellow), now beyond
the diffraction limit (right side). (B) Simplified Jablonski diagram of the electronic
states of a molecule. Fluorescence in general occurs when a fluorophore is excited
from its electronic ground state into a higher energy level (So to S, arrow "Exci-
tation") induced by the excitation laser. After initial vibrational relaxation (dotted
arrow), the fluorophore relaxes and thereby emits detectable light (S; back to Sy,
arrow "Fluorescence"). The high energetic depletion laser disrupts this process and
forces the photons to be released in a red-shifted state, allowing it to be spectrally
separated (S; to slightly higher energy level of Sy, arrow "Stimulated emission").
(O) Example image of a PC12 plasma membrane sheet stained for endogenous
Syntaxin 1A (employing aHPC-1 antibody coupled with AF594), highlighting the
achieved improvement in resolution.
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3 Aim of the study

Micropatterning of proteins on the plasma membrane is a scientifically accepted
concept. However, very little is known about the mechanisms underlying mesoscale
organization. Using the two classical SNARE-proteins Syntaxin 1A and SNAP25 as
an example, we examined how protein clusters/crowds mutually influence each
other. Furthermore, the influence of other accessory proteins such as Munc18-1 on

the lateral distribution is also undetermined.

(i) The first aim was to study the Syntaxin 1A-SNAP25 mesoscale network on the
plasma membrane of PC12 cells. In order to do this, epifluroescence and high-
resolution microscopy was employed to characterize the lateral distribution on
membrane sheets. Deletion constructs of Syntaxin 1A and SNAP25 were charac-

terized to further specify interacting domains.

(ii) The second aim was to identify which role the accessory protein Munc18-1 plays

on the mesoscale distribution of SNARE-proteins on the plasma membrane.
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4.1 Material

4.1.1 Technical appliances

31

Equipment ‘ Manufacturer ‘ Application
Spectrophotometer: ThermoFisher Scientific, | measuring DNA
NanoDrop2000 Waltham, USA concentration
Gel imager: LiCor,Lincoln, USA Western blot
Odyssey® CLx Imaging System imaging
Sonicator: Sonopuls HD 2070 Bandelin, Berlin, Generating
Germany PM sheets
NEON"" Transfection System ThermoFisher Scientific | Transfection
Waltham, USA of cells
Inverted bright-field microscope: | Nikon, Tokyo, Japan Cell culture

ECLIPSE TS100, CFI60
Infinity Optical System

Inverted Olympus IX-81-ZDC,
MT20E illumination system

Olympus, Tokyo, Japan

Epifluorescence
Imaging

STED-module in combination
with Olympus IX-83 confocal
microscope

Abberior Instruments,
Gottingen, Germany /
Olympus, Tokyo, Japan

Confocal and
STED micros-

copy

TABLE 4.1:

41.2 Cell lines

PC12 cells

Technical appliances.

PC12 cells are derived from a rat pheochromocytoma (Greene et al., 1976) and are a

neuroendocrine cell line. The cells used in this study are a generous gift from Rolf

Heumann (Bochum) and show similarities to PC12 cell clone 251 (Heumann et al.,

1983). Cells were usually kept at a high confluency. They were passaged every

three to four days. They were used for experiments up to a maximum passage of
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35, unless morphological changes were observed earlier.

HepG2 cells

HepG2 cells are a human liver carcinoma cell line. In comparison to PC12 cells,

they do not endogenously express neuronal SNARE-proteins. Cells used in this

study were purchased from Cell Line Services (CLS, #300198) and passaged every

three to four days.

4.1.3 Cell culture media and reagents

Medium/Reagent ‘ Supplier ‘ Composition

Dulbecco s PBS (DPBS) PAN Biotech, | PBS without Ca* and Mg?*
#P04-36500

Fetal bovine serum (FBS) PAN Biotech, | see manufacturer
#PP30-3306

Horse serum (HS) BioWest, see manufacturer
#50900-500

Penicillin/streptomycin PAN Biotech, | 10,000 U/ml Penicillin and

(P/S) #50900-500 10 mg/ml Streptomycin

DMEM (used as PC12 PAN Biotech, | see manufacturer

starving media) #P04-04515

DMEM with Supplements PAN Biotech, | supplemented with

(PC12 growth media) #P04-04515 5% (v/v) FBS, 10 % (v/v) HS

and 1% (v/v)P/S

MEM Eagle with Supple- PAN Biotech, | MEM Eagle with 10 % (v/v)

ments (HepG2 growth media) | #PP04-08509 | FBS and 1 % (v/v) P/S

Trypsin PAN Biotech, | Trypsin (0.05 %) with 0.02 %

#P10-0231SP

EDTA/PBS, w/o Ca%* and MgZJr

TABLE 4.2: Cell culture media and reagents.
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41.4 Buffers and Solutions

Name

‘ Composition

Phosphate buffered saline
(PBS)

137 mM NaCl, 2.7 mM KCl, 1.76 mM KH,POy,
10 mM Na,HPO,, pH 7.4

Sonication buffer

20 mM HEPES-KOH,
120 mM potassium glutamate, pH 7.2
20 mM potassium acetate, 10 mM EGTA

Munc18-1 incubation buffer

Sonication buffer supplemented with
1mM DTT

Ionomycin incubation
buffer

PC12 starving medium suppl. with
20 mM HEPES, 3.2 mM Ca?" and freshly added
20 pM Ionomycin

Paraformaldehyde (PFA)
solution (4 %)

16 % PFA stock solution in PBS

Blocking buffer

3% bovine serum albumin (BSA) in PBS

Poly-L-Lysine (PLL) stock
solution (20x)

2mg/ml PLL in ddH,0

Tris-Acetat-EDTA (TAE) buffer

40 mM Tris, 1 mM EDTA,
0.11% (v/v) acetic acid

Towbin buffer

25 mM Tris, 192 mM glycine,
20 % (v/v) methanol, pH 8.3

Sodium dodecyl sulfate (SDS)

running buffer

25 mM Tris, 0.1 % (w/v) SDS, 192 mM glycin,
pH 8.3

4x Laemmli buffer (reducing)

10 % (w/v) SDS, 40 % (w/v) glycerol, 0.008 %
(w/v) bromophenol blue, 300 mM Tris HC],
10 % (v/v) beta-mercaptoethanol, pH 6.8

TABLE 4.3: Buffers and solutions.
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4.1.5 Antibodies

Primary Antibodies

IF: Immunofluorescence; WB: Western blot

Target/ Host species | Supplier/ Application/
Name Catalognumber Dilution
Syntaxin 1A | mouse Sigma, #50664 IF (1:500),
(HPC-1) WB (1:1000)
SNAP25 mouse Synaptic Systems, #111 011 | IF (1:200),
(ClL. 71.1) WB (1:1000)
B-Actin mouse Cell Signaling, #3700 WB (1:5000)
(9E10)

Myc-tag mouse Invitrogen, #MA1-21316 IF (1:200),
(A7) WB (1:1000)
SNAP25 rabbit Synaptic Systems, #111 002 | IF (1:200)
Myc-tag rabbit Cell Signaling, #22785 IF (1:200)
(71D10)

a-Tubulin | rabbit | Cell Signaling, #2144S | WB (1:500)
B-Actin rabbit Cell Signaling, #4970 WB (1:5000)
(13E5)

GFP ‘ rabbit ‘ Chromotek, #PABG1-100 ‘ WB (1:2000)
Munc18-1 rabbit Synaptic Systems, #116 002 | IF (1:500)

TABLE 4.4: Primary antibodies.
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Secondary Antibodies

IF: Immunofluorescence; WB: Western blot

Target/ | Host Coupled Supplier/ Application
Species | species fluorophore Catalognumber Dilution
GFP alpaca/ ATTO647N Chromotek, IF (1:200)
nanobody #gba647n-100
GFP alpaca/ ATTO59%4 Chromotek, IF (1:200)
nanobody #gba594-100
mouse | donkey AlexaFluor594 | Invitrogen, IF (1:200)
#A21203
mouse | goat ATTO647N Sigma, IF (1:200)
#20185
rabbit goat StarGreen Abberior, IF (1:200)
#STGREEN-1002-500
mouse | goat IRDye 800CW | LiCor, WB (1:10,000)
#925-32210
rabbit goat IRDye 680CW | LiCor, WB (1:10,000)
#925-68071

TABLE 4.5: Secondary antibodies.
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41.6 Plasmids

Name Tag Resis- | Origin Additional
tance information

Syntaxin 1A- C-terminal | Kan. | Merklinger | Full rat Syntaxin 1A
full-myc 3xmyc-tag etal, 2017 | sequence based on
(Stx-full) NP_446240.2 (aa 1-288)
Syntaxin 1A- C-terminal | Kan. | Merklinger | Rat Syntaxin 1A
AS-myc 3xmyc-tag etal., 2017 | deletion construct
(Stx-AS) (aa 191-218 missing)
Syntaxin 1A- C-terminal | Amp. | Sieber et Full rat Syntaxin 1A
full-GFP mEGFP al., 2006 sequence based on
(Stx-GFP) NP_446240.2 (aa 1-288)
Syntaxin 1A- C-terminal | Amp. | Merklinger | Rat Syntaxin 1A
AS-GFP mEGFP etal., 2017 | deletion construct
(Stx-AS-GFP) (aa 191-218 missing)
GFP-SNAP25- | N-terminal | Amp. | Halemani Rat SNAP25B
WT mEGFP etal.,, 2010 | sequence based on

NP_112253.1 (aa 1-206)
GFP-SNAP25- | N-terminal | Amp. | Halemani | Rat SNAP25B
AN mEGFP etal, 2010 | deletion construct

(aa 14-79 missing)
GFP-SNAP25- | N-terminal | Amp. | Halemani | Rat SNAP25B
AC mEGFP etal, 2010 | deletion construct

(aa 143-202 missing)
GFP-SNAP25- | N-terminal | Amp. | Halemani Rat SNAP25B
AN/C mEGFP etal, 2010 | deletion construct

(aa 14-79 and

143-202 missing)
Munc18-1-GFP | C-terminal | Amp. | Nikolas Munc18-1 human,

mEGFP Reppert based on pEGFP-C1
(AG Lang) | backbone

TABLE 4.6: Plasmids.
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41.7 Recombinant Munc18-1

Recombinant Munc18-1 was a kind gift from Kerstin M. Rink, group of Prof. Thomas
Sollner, Heidelberg University Biochemistry Center (BZH).
Munc18-1: Stock concentration: 9.2 uM; used concentration is given in each indi-

vidual experiment.

4.1.8 Kits
Name ‘ Supplier
NucleoBond Xtra Midi ‘ Macherey and Nagel, #740410

NEON Transfection System Kit ‘ ThermoFisher Scientific, #MPK10096
GFP-Trap Agarose (for Co-IP) | Chromotek, #gta-20

TABLE 4.7: Kits.

4.1.9 Software

Software | Supplier/Developer

Application

Microsoft Office Excel | Microsoft corporation | Primary data analysis, statis-
tical analysis and organization

GraphPad Prism 6.01 | GraphPad Software Further data organization
and visualization

CorelDraw Graphics | Corel Corporation Iustration, layout
and visualization of data

Image] (FIJI bundle) ‘ Wayne Rasband (NIH) ‘ Image analysis
BioEdit ‘ Thomas A. Hall ‘ DNA sequence analysis

Overleaf ‘ John Hammersley ‘ LaTex editor

TABLE 4.8: Software.
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4.2 Methods

4.2.1 Cell culture

All cells were cultured in a cell incubator (Binder, Tuttlingen, Germany) at 37 °C
and 5% CO,. General handling and transfections were performed under a ster-
ile Laminarflow hood (BDK, Sonnenbiihl, Germany). PC12 and HepG2 cells were
grown to around 80-90 % confluency before passaging them into a new 75 cm? cell
culture flask. PC12 cells were always kept at a high cell density. For cell passaging,
cells were washed with DPBS once and then incubated with trypsin at 37 °C until all
cells were detached. Growth medium (according to the cell type) was then added
and the cell suspension was centrifuged for 3 min at 26 rcf. The supernatant was
removed and new medium was added. To triturate larger PC12 cell clumps more
efficiently, a 20ml syringe with a 21-gauge needle was used twice. For transfec-
tion (see section 4.2.3), cells were counted using a Neubauer chamber. For further

cultivation, cells were directly transferred into a new cell culture flask.

4.2.2 Preparation of coverslips

Glass coverslips (high precision, 1.5H, Menzel) were placed under agitation in 1M
HCI, followed by another round in 1 M NaOH. In between the incubation steps,
coverslips were thoroughly washed with deionized water. Clean coverslips were
kept in 100 % ethanol until further use. For coating, coverslips were taken out of
100 % ethanol and placed into 6-well plates. After excess ethanol has evaporated,
500l of PLL solution was added onto each coverslip and incubated for 30 min.
Afterwards, the PLL solution was removed, coverslips were dried overnight under

the Laminarflow hood and sterilized for 20 min by UV-light exposure.

4.2.3 Transfection

For the transfection of PC12 and HepG2 cells, the NEON Transfection eelctropora-
tion system was used acccording to the manufacturer ’s instructions. For prepara-
tion, the cells were detached from the flask, centrifuged and resuspended in new

growth medium before counting. The appropriate amount of cells (1.5-2 x 10°) were
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resuspended in 125 ul of R-buffer or DPBS (for PC12 or HepG2 cells respectively)
and mixed with 10 g of plasmid DNA (per construct), unless stated otherwise.
HepG2 cells were transfected using a single 50 ms pulse at 1200V, for PC12 cells a
single 30 ms pulse at 1410V was used. Transfected cells were immediately trans-
ferred into antibiotics-free medium and cultivated for 16-24 h. As a control, cells not
undergoing electrophoresis were used, which were seeded at a density of 2-3x 10°

cells per coverslip.

4.2.4 Ionomycin incubation of whole cells

For experiments in Figure 5.6, around 16 h after transfection, PC12 cells were washed
twice with starving medium and equilibrated in it for 2h at 37 °C. Afterwards, the
medium was exchanged with either starving medium supplemented with 3.2 mM
Ca2?* (+ already present Ca®" in the cell medium of 1.8 mM, which then adds up
to a total of 5mM Ca?* in the solution) or starving medium with 10mM EGTA to
chelate Ca?". Intact PC12 cells were incubated for 5 min at 37 °C before proceeding

to generate membrane sheets and fixation.

4.2.5 Membrane sheet preparation and Munc18-1 incubation

For membrane sheet preparation, cells were briefly washed in ice-cold PBS before
subjecting them to a 100 ms ultrasound pulse in ice-cold sonication buffer. The
distance of the sonication tip was adjusted due to experience. Plasma membrane
sheets were either subjected to incubation with different treatments or directly fixed

in 4 % PFA in PBS for 30-45 min.

For Munc18-1 incubation experiments, coverslips with PM sheets were incubated
on parafilm to which a volume of 150 pl incubation buffer (composition see table
4.3) or a specified concentration of Munc18-1 protein diluted in incubation buffer
was diluted. Experiments in Figure 5.16 used an incubation period of 15min at

37 °C, incubation time in experiments shown in Figure 5.15 were reduced to 10 min
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at 37 °C. Afterwards, excess Munc18-1 was removed with a thorough DPBS wash,
followed by fixation in 4 % PFA.

4.2.6 Immunostaining

Cells or PM sheets were fixed with 4% PFA in PBS for 30-45min followed by
quenching in 50 mM NH4Cl for 15 min. Cells were also permeabilized with 0.2 %
Triton-X in PBS for 1 min. Coverslips were washed briefly with PBS and blocked
with 3 % BSA in PBS for at least 1 h. Primary antibody and secondary antibody /nano-
body incubation was performed in 1 % BSA in PBS for 1 h at RT, respectively. In be-
tween primary and secondary antibody/nanobody incubation steps, the samples
were washed three times with 0.5 % BSA in PBS. At the end, excessive secondary
antibody/nanobody was washed off with PBS. Samples were embedded in Pro-
Long Gold Antifade Mountant (Invitrogen, #P36930) on microscopy slides, sealed

and stored at 4 °C prior to imaging.

4.2.7 Co-Immunoprecipitation

For immunoprecipitation, 24 h after transfection HepG2 cells were scraped, sus-
pended in ice-cold PBS and pelleted. Cells were lysed in ice-cold Tris buffer (150 mM
NaCl, 0.5 mM EDTA, 10 mM Tris, pH7.5) containing 1 % Triton-X 100. Immunopre-
cipitation was done according to the manufacturer’s manual using aGFP-Agarose
beads (Chromotek, #gta-20). In brief, the cell lysate was incubated for 1h at 4°C
with aGFP-nanobodies covalently bound to agarose beads. Beads were collected,
washed, and for protein detachement heated for 10 min at 95 °C in 2xSDS-sample
buffer (120 mM Tris /Cl, 20 % Glycerol, 4 % SDS, 0.04 % bromphenol blue, 10 % beta-
mercaptoethanol). Beads were removed from the supernatant by centrifugation.

Samples were then subjected to SDS-PAGE.
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4.2.8 Western Blot and SDS-PAGE

Western blot was employed for Co-IP analysis and for the quantification of expres-
sion levels. In the latter case, transfected cells were used 24 h after transfection, un-
less stated otherwise. Cells were washed once with PBS and then lysed by adding
4xLammli buffer and heated for 10 min at 95 °C. They either were used directly af-
terwards or stored at -20 °C until further use.

For SDS-PAGE, a 4 % stacking gel and 10 % running gel was used to separate the
proteins. The gel was run in SDS running buffer for 20-30 min at 70V and then
for 60-90 min at 120 V. To transfer the proteins from the gel onto the nitrocellulose
membrane, a wet blotting system (BioRad) was employed. Transfer took place in
ice-cold Towbin buffer for 1h at 100 V. Membranes were quickly rinsed with PBS
and blocked with Intercept Odyssey Blocking buffer (LiCor, #927-60001) for 1h.
Primary and secondary antibodies were diluted in Odyssey Blocking buffer sup-
plemented with 0.1 % Tween-20. Primary antibodies were incubated overnight at
4°C, secondary antibodies for 1h at RT. Between primary and secondary antibody
incubation membranes were washed with PBS containing 0.1 % Tween20 (PBS-T)
and finally with PBS before imaging using a Li-Cor Odyssey Classic Imaging Sys-
tem. Blots were analyzed using Image]J, measuring the integrated band intensity

and correcting for background.

4.2.9 Epifluorescence microscopy

For epifluorescence imaging, an inverted Olympus IX-81 microscope equipped with
an ImagEM C9100-13 16-bit EM CCD camera (Hamamatsu Photonics, Shizuoka,
Japan) in combination with a MT20E illumination system (Olympus, Tokyo, Japan),
an Apochromat NA 1.49 60x oil objective was used, yielding a pixel size of 266.67 nm.
In some cases, an additional 1.6x lens was used as well, decreasing the pixel size
to 166.67 nm. The microscope is equipped with filter sets for GFP (F36-525, GFP),
AlexaFluor594 (F36-503, Cy3) and AlexaFluor647/StarRed (F46-009, Cy5) (all from
AHF Analysentechnik).
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Images in Figure 5.14 and 5.15 were acquired with a new illumination system, em-
ploying photodiode lasers. GFP was excited with a 493 nm laser, Cy3 with a 561 nm
laser and Cy5 with a 638 nm photodiode laser. The filter sets did not changed from
the ones previously used. Lasers were always set to 100 % illumination power and
only the illumination time (in ms) was changed. All images were acquired using

the CellR (Olympus) software.

4210 Confocal and STED microscopy

Confocal and super-resolution images were taken with a four-channel STED micro-
scope (Abberior Instruments, Goettingen, Germany) module in combination with
an Olympus IX-83 confocal microscope (Olympus, Tokyo, Japan), equipped with
an UPlanSApo 100x (1.4 NA) objective (Olympus, Tokyo, Japan). GFP-fluorescence
was excited with a 488 nm laser and emission recorded with a 500 - 520 nm filter.
AlexaFluor594/ ATTO594 were excited with a 561 nm laser and emission recorded
with a 580-630 nm filter. ATTO647N /StarRed was excited with a 640 nm laser and
emission recorded with a 650-720 nm filter. A pulsed STED laser 775 nm was used
for depletion of the 561 nm and 640 nm laser. STED images were recorded via time-
gated detection with 0.96 ns delay and 8 ns gate width. The pinhole size was set to

1 AU. Pixel size in all recordings was set to 25 nm.

For analysis of the plasma membrane fraction of GFP-SNAP25 (Figure 5.4), the
equatorial plane of cells was imaged. For all other experiments, the focal plane was

adjusted to the basal plasma membrane.

4.211 Image analysis

All image analysis was performed using the program Image]. If not stated oth-
erwise, a rectangular/square ROI was placed in one channel and propagated (if
necessary) to the other channel. This ROI was used for calculation of the Pearson

Correlation Coefficient, mean intensity and specific maxima analysis.
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Average fluorescence intensity
The average fluorescence intensity of a sheet was calculated by measuring the mean
intensity of a ROI placed onto a membrane sheet and onto the background, and

subsequently subtracting the latter from the former.

For the calculation of the GFP-SNAP25 plasma membrane fraction (Figure 5.4),
three ROIs were manually drawn. The most outer ROI outlined the border of the
cell ("outer rim"), the cytoplasm ("inner rim") and the nucleus ("nucleus"). They
were background corrected, the integrated density was determined (mean intensity
* size) and subsequently used to calculate the plasma membrane and cytoplasmic
fractions: "outer rim" - "inner rim" = "plasma membrane signal"; "inner rim" - "nu-
cleus" = "cytoplasm signal". The plasma membrane fraction was then determined
by: "plasma membrane fraction" = "plasma membrane signal" / ("cytoplasm signal

+ "plasma membrane signal").

For epifluroescence images in Figure 5.7, specific ROIs were used. Due to the small
size of PC12 cells and the low magnification, up to 12 sheets were imaged with one
recording. From ROIs, "binary masks" were created in Image]. First, raw images
were smoothed using a Gaussian blur (¢ = 3), then a binary mask was created and
saved individually. The binary masks, which specifically outlined the membrane
sheets, were overlayed with the raw image and the mean intensity in the regions

defined in the binary mask, was measured. Lastly, they were background corrected.

Relative standard deviation of the mean (rSDM)
The rSDM was calculated by measuring the standard deviation of the mean inten-

sity of the pixel values of a ROI using Image] and dividing it by the mean intensity
of the ROL

Maxima analysis
A custom Image] macro (Merklinger et al., 2017) was used to determine maxima

fluorescence intensity, size, density or distances. For each individual sheet, maxima
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intensity, size and distance were averaged. GFP-SNAP25 images generally show a
lower signal-to-noise ratio and so to improve maxima detection, a Gaussian blur
with ¢ = 0.5 was employed before analysis. A specific threshold was set for max-
ima detection, which varied between experiments. In general, the cluster analysis
macro uses the "Find maxima" function from ImageJ and extracts certain parame-
ters which are used for further analysis. Maxima density was calculated by relating
the number of all detected maxima to the size of the ROI. Maxima fluorescence in-
tensity is calculated by placing a circular ROI with a diameter of 5 pixels centered
on the maxima and measuring the average intensity. Distance between maxima is
determined by taking each maxima position and determine its nearest neighbour-
ing maxima, either in the same or in the other channel. Maxima size is measured by
placing a vertical and horizontal line scan (31 x 3 pixels) in the center of a detected
maxima, then a Gaussian function was fitted on the intensity profile of each line.
The maxima size was then determined by the full-width at half maxima (FWHM)
of the Gaussian fit. Maxima with a fit quality of R? < 0.8 and a non-centered peak
(not in the middle third of the linescan) were excluded from size analysis.

For Figure 5.11 for Syntaxin 1A, a total number of 26266, 7252 and 11214 maxima
were analysed per condition Control, Stx-full and Stx-AS, respectively. For SNAP25
maxima size distribution, a total number of 3026, 3814 and 2822 maxima were anal-

ysed per condition Control, Stx-full and Stx-AS, respectively.

Pair distribution functions in Figure 5.9 were kindly done by Prof. Jan Hasenauer
(Computational Life Sciences, LIMES Institute, University of Bonn), using the pro-
gram MATLAB. Calculations were done using the specific coordinates determined

by the custom Image] macro used for the maxima analysis.

Pearson correlation coefficient (PCC)

The PCC was used as a parameter to determine the overlap between two chan-
nels and describes the linear relationship between two values. It was determined
in Image] using a custom macro (written by Dr. Gero Schloetel, AG Lang). As

a co-localization control, to generate a non-related distribution of the channels,
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one channel was flipped vertically and horizontally before determining the PCC

("flipped PCC").
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5 Results

5.1 Mesoscale organization of Syntaxin 1A and SNAP25

In this study, the mechanisms underlying mesoscale organization of Syntaxin 1A
and SNAP25 at the plasma membrane are investigated. SNARE-proteins are highly
abundant at the plasma membrane, with values ranging from 540 up to 1800 mole-
cules/pm? and ~7500 molecules/pm? for Syntaxin 1A and SNAP25, respectively
(Sieber et al., 2007; Knowles et al., 2010).

Syntaxin 1A is found in small, tightly packed cluster with a size of ~65nm in di-
ameter (Sieber et al., 2007). Its size tends to increase with the syntaxin concentra-
tion (Sieber et al., 2006) (section 2.3.2). SNAP25 on the other hand, shows a more
widespread pattern with a larger area occupancy on the membrane (section 2.3.3).
Despite their important interaction with one another to catalyze fusion, we find
find them in close proximity to each other, but in principle largely segregated in
the plasma membrane.

This study tries to illuminate the underlying mechanism of this organization by
employing microscopic analysis on fixed membrane sheets. This has the advantage
that we can observe the proteins in their physiological environment which is impor-
tant because, compared to in-vitro studies with reconstituted proteins, the plasma
membrane is an environment that shows molecular crowding due to its high den-
sity of proteins and lipids. Molecular crowding could influence several parameters
regarding protein behaviour (section 2.2.1). On the other hand, labelling of proteins
can be a challenge in highly crowded and densely packed protein clusters on the

plasma membrane posing certain experimental challenges.
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5.1.1 Labelling strategy to visualize Syntaxin 1A and SNAP25

Due to the fact that SNARE-proteins are present at a very high copy number at the
plasma membrane of PC12 cells (Sieber et al., 2007; Knowles et al., 2010), labelling
for correct visualization is technically difficult. In order to visualize both proteins
reliably, a co-expression system of Syntaxin 1A and SNAP25 (both labelled with a
tag) was established and characterized.

For Syntaxin 1A, an antibody is commercially available that visualizes the protein ‘s
distribution reliably (Zilly et al., 2011), called HPC-1, which is raised against the N-
terminal domains of Syntaxin 1A. When overexpressing Syntaxin 1A, we use a con-
struct that also contains a C-terminal 3xmyc-tag (Figure 5.1, middle) (Merklinger et
al., 2017), which can be labelled with an antibody as well, enabling us to visualize
only overexpressed Syntaxin 1A. Using the myc-tag, we have to deal with a stain-
ing gradient towards the middle of the membrane sheet, because the myc-antibody
needs to diffuse underneath the sheet. However, we can ignore this problem by
choosing a ROI for analysis at the well stained periphery of the membrane sheet. To
uncover a role of syntaxin s SNARE-motif in the organization of SNARE-proteins
on the membrane, we also used a deletion construct where the N-terminal part of
the SNARE-motif is deleted (Figure 5.1, right side).

Labelling SNAP25 presents a challenge. Despite the fact that several antibodies are
available, they visualize the distribution of SNAP25 only imperfectly (Zilly et al.,
2011). Thus, SNAP25 is genetically labelled by attaching GFP to its N-terminus.
The GFP-tag and SNAP25 are almost the same molecular size (27 and 25 kDa,
respectively), yet it has been shown to not interfere with the protein’s function
(Delgado-Martinez et al., 2007). We aimed for only a moderate overexpression
of GFP-SNAP25, to not push the protein-ratio too far off the physiological point.
Furthermore, this approach requires the use of an «GFP nanobody labelled with
ATTO647 applicable for high-resolution microscopy, which is smaller than the con-
ventional primary and secondary antibodies used for Syntaxin 1A visualization

(Figure 5.1, left side).
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[ |
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FIGURE 5.1: SNARE-constructs primarily used in this study and labelling ap-
proach. Cartoons of the Syntaxin 1A and SNAP25 constructs. Left side: SNAP25
with its N-terminal GFP-tag. The GFP is visualized with an «GFP nanobody cou-
pled with a STED-appropriate fluorophore. Middle: Syntaxin 1A full-length (Stx-
full) and the primary antibody used for its visualization (HPC-1). Right side: Dele-
tion variant of Syntaxin 1A (Stx-AS), which is lacking the N-terminal part of the
SNARE-motif (lined box). Both syntaxin-constructs also contain a 3xmyc-tag at the
C-terminal end, facing the extracellular site of the plasma membrane.

5.1.2 Co-expression system of GFP-SNAP25 in combination with Stx-
full or Stx-AS

In the following, we establish and characterize the co-expression of the above es-
tablished constructs. GFP-SNAP25 is expressed alone or together with the two
Syntaxin 1A constructs to determine any possible effect on the endogenous protein

level and consequently the SNARE-protein ratio.

5.1.2.1 Characterization of SNARE-protein expression in PC12 cells

To determine the protein expression levels, western blot analysis was employed
(Figure 5.2). Moreover, the samples were split for parallel epifluroescence mi-
croscopy analysis (Figure 5.7). For western blot analysis, an antibody raised against
the N-terminus of Syntaxin 1A or the N-terminal SNARE-motif of SNAP25 was
used, thus not distinguishing between endogenous and overexpressed protein, yet
they can be distinguished by size.

Analyzing expression levels in whole cells (Figure 5.2 A), we find that the endoge-

nous expression level of SNAP25 is not significantly influenced by the co-expression
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of either syntaxin construct (Figure 5.2 B). We see that the overexpression of GFP-
SNAP25 roughly increases the total level of SNAP25 by around 50 % in all condi-
tions, independent from co-expression of syntaxin constructs. We see a slight drop
in total SNAP25 in condition Stx-full + GFP-SNAP25 (Figure 5.2 C).

Analyzing syntaxin levels (Figure 5.2D), the endogenous level of Syntaxin 1A is
also not significantly changed by co-expression with GFP-SNAP25 (Figure 5.2E),
expression of additional Stx-full or Stx-AS increased the total protein level by around
150 %. Furthermore, we observe a high variety in syntaxin expression levels (Figure

5.2F, compare with standard deviation s in SNAP25 expression levels in C).
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FIGURE 5.2: Expression levels of endogenous SNAREs and overexpressed GFP-
SNAP25, Stx-full and Stx-AS. Western blot analysis comparing endogenous and
overexpressed protein levels of Syntaxin 1A and SNAP25. (A) Analysis of the
expression level of endogenous SNAP25 (25kDa) or overexpressed GFP-SNAP25
(52kDa) using an antibody against SNAP25 s N-terminal SNARE-motif. Tubulin
(50kDa) was used for normalization. (B) Quantification of endogenous SNAP25
(25kDa band) and (C) endogenous + overexpressed GFP-SNAP25 (52 kDa band).
(D) Endogenous and overexpressed Syntaxin 1A-variants were visualized using
an antibody against its N-terminal part. (E) Quantification of endogenous Syntaxin
1A (33kDa) and (F) endogenous + overexpressed variants Stx-full (38 kDa) and
Stx-Stx-AS (35 kDa). Values are given as means + SD. Statistical analysis showed no
significant difference between any of the conditions (n = 3 experiments; two-tailed
unpaired t-test, not significant = p > 0.05) (Figure taken from: Mertins et al., 2021).
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5.1.2.2 Ratio of endogenous and overexpressed SNAREs in PC12 cells

The amount of SNARE-proteins and the Syntaxin 1A/SNAP25 ratio is a crucial
point in the process of exocytosis. In PC12 cells, the ratio of endogenous Syntaxin
1A to SNAP25 at the plasma membrane is around 1:14 (Knowles et al., 2010). To
make sure that we do not diminish or even invert the ratio of SNAP25 to Syntaxin
1A in our approach using overexpressed proteins, we needed to estimate the en-
dogenous SNARE-concentration in the here used PC12 cells on the level of whole
cells and further determine the ratio after overexpression directly at the plasma

membrane.

5.1.2.2.1 Ratio of endogenous SNAREs in whole cells To determine the ratio
of endogenous Syntaxin 1A and SNAP25, western blot analysis was performed. In
order to quantify the endogenous ratio, we opted for an expression of GFP-tagged
constructs (Syntaxin 1A-GFP or GFP-SNAP25) and used the respective GFP-signal
for normalization.

For this, PC12 cells were used untransfected (Figure 5.3, left lane) or transfected
either with Syntaxin 1A-GFP or GFP-SNAP25 (Figure 5.3, middle or right lane, re-
spectively). The western blot was first immunostained with an antibody directly
raised against Syntaxin 1A (HPC-1, binding to its N-terminal domain), visualizing
endogenous Syntaxin 1A (Figure 5.3, upper red arrow) and overexpressed Syn-
taxin 1A-GFP (Figure 5.3, left band in red box #1). SNAP25 was stained with an
antibody directly raised against itself (binding to its N-terminal domain), visual-
izing endogenous SNAP25 (Figure 5.3, lower red arrow) and overexpressed GFP-
SNAP25 (Figure 5.3, right band in red box #1). For normalization, Actin was stained
as well. After this staining, the western blot membrane was stripped and subse-
quently immunostained again. This time, an antibody directly against GFP was
employed (which has the same staining affinity for both constructs), only visual-
izing the GFP-tag of overexpressed Syntaxin 1A-GFP or GFP-SNAP25 (Figure 5.3,
red box #2).

For analysis, the band staining intensity of the respective overexpressed SNARE-

protein construct (Syntaxin 1A-GFP or GFP-SNAP25 in Figure 5.3 red box #1) was
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divided by the GFP-tag staining intensity (Figure 5.3, red box #2), after normaliza-
tion to actin. In this way we can calculate the so-called "GFP-conversion factor"
to determine the endogenous protein ratio band in GFP-unit equivalents. Here,
we obtain a GFP-conversion factor of 1.85 and 2.49 for Syntaxin 1A and SNAP25,
respectively. Now dividing the staining intensity of the endogenous bands from
Syntaxin 1A or SNAP25 (Figure 5.3, red arrows) by the corresponding conver-
sion factor, we get their GFP-intensity equivalents (Figure 5.3, quantification on
the right side). Consequently, we can determine an endogenous ratio of Syntaxin
1A to SNAP25 in our PC12 cells of around 1:12.

It should be noted that we observe a strong degradation band for Syntaxin 1A-GFP
which we do not observe for the myc-tagged syntaxin constructs used in later ex-
periments (compare with Stx-myc overexpression in Figure 5.2 D). This points to
degradation of Syntaxin 1A-GFP at a very high expression level, which however

does not affect the conversion factor because it is not used for analysis.

As determined by the western blot analysis shown in Figure 5.2, we need to take
into account that we elevate Syntaxin 1A by ~150 % and SNAP25 only by ~50 %,
considering untransfected and transfected cells. This leads to a diminished average
ratio of only 7-fold more SNAP25 in comparison to Syntaxin 1A.

At the plasma membrane, this ratio changes further according to publications which
assume that all Syntaxin 1A (Sieber et al., 2007, Knowles et al., 2010) but only 80 %
of SNAP25 (Knowles et al., 2010) localizes to the plasma membrane. As for our fur-
ther planned experiments, we study SNARESs specifically in the plasma membrane
from overexpressing PC12 cells, thus we wondered what the Syntaxin 1A /SNAP25

ratio is in this preparation.
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FIGURE 5.3: Ratio of endogenous Syntaxin 1A and SNAP25 in PC12 cells. West-
ern Blot analysis immunostaining syntaxin 1A-GFP/GFP-SNAP25 bands with an anti-
body raised against the respective SNARE (red box #1) and stained again after stripping
the membrane with an anti-GFP antibody (red box #2). From the band intensities, we
obtain a conversion factor allowing us to express the endogenous band intensities in GFP-
signal equivalents, and by this determine the SNAP25:syntaxin 1A ratio. (A) Represen-
tative Western Blot from PC12 cells expressing either no construct (left lane), syntaxin
1A-GFP (middle lane) or GFP-SNAP25 (right lane), using for syntaxin 1A and SNAP25
the same mouse monoclonal antibodies as in Figure 5.2, for actin a polyclonal rabbit anti-
body and for GFP a polyclonal rabbit anti-GFP antibody. Different from Stx-full expression
(compare to Figure 5.2), we observe degradation bands of syntaxin 1A-GFP (see above and
below the endogenous syntaxin 1A band indicated by a red arrow). For the conversion
factor only non-degraded syntaxin 1A-GFP is taken into account. The SNARE-antibody
band intensity from the overexpressed construct (red box #1; syntaxin 1A-GFP ~60kDa;
GFP-SNAP25 ~52kDa) is normalized to actin and then divided by the respective actin
normalized GFP-band intensity (red box #2), which yields GFP-conversion factors of 1.85
and 2.49 for syntaxin 1A and SNAP25, respectively. (B) Quantification of GFP-intensity
equivalents. The band intensities of the endogenous SNARE-proteins (red arrows) are di-
vided by the respective conversion factors, yielding their GFP-intensity equivalents. The
ratio of the GFP-equivalents equals the ratio of the endogenous SNARE-proteins, resulting
in a 12-fold excess of SNAP25 over Syntaxin 1A. Values are given as means + SD (n = 3
experiments) (Figure and legend in italics taken from: Mertins et al., 2021).

5.1.2.2.2 Localization of GFP-SNAP25 in PC12 cells Next, we checked if the
overexpression would lead to altered trafficking to the membrane. Merklinger et

al. already showed similar trafficking rates from the constructs Stx-full and Stx-AS
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to the plasma membrane (Merklinger et al., 2017). For GFP-SNAP25, we did not
expect any difference in the membrane targeting as well, because the trafficking
of SNAP25 has been shown to be independent of syntaxin (Loranger et al., 2002)
and GFP-tagged SNAP25 shows no difference in function to untagged SNAP25
(Delgado-Martinez et al., 2007).

But to confirm this assumption and determine the specific amount of GFP-SNAP25
at the plasma membrane, PC12 cells were transfected, either with GFP-SNAP25
alone or in combination with Stx-full or Stx-AS. Employing confocal microscopy,
the GFP-intensity of whole cells was recorded at the cell ‘s equatorial plane (Figure
5.4), followed by analysis of the GFP-intensity at the plasma membrane (for details
regarding the analysis see Figure 5.4 and section 4.2.11). When only GFP-SNAP25
is overexpressed, we find around 56 % of the overall intensity at the membrane.
This number decreases slightly when Stx-full is co-expressed (around 50 %), yet the
difference is non-significant. In the presence of Stx-AS this number rises again to
roughly 56 %, showing that the trafficking to the membrane is not different whether
GFP-SNAP25 is expressed alone or in combination with one of the Syntaxin 1A-
variants. The value of around 56 % is lower than the previously reported 80 %
(Knowles et al., 2010), which may be due to underestimation of the plasmalemmal
fraction, because GFP-SNAP25 intensity at the membrane seems to self-quench (see

Figure 5.7).
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FIGURE 5.4: Localization of GFP-SNAP25 in PC12 cells. (A) PC12 cells were ei-
ther transfected with GFP-SNAP25 alone, or in combination with Stx-full or Stx-
AS. Whole cells were fixed and imaged using confocal microscopy. Focusing on the
cell s equatorial plane, the fluorescence intensity of the GFP-tag was recorded. (B)
The plasma membrane fraction was quantified by manually drawing three ROls:
(i) around the whole cell, (ii) on the cytoplasmic part of the membrane and (iii)
around the nucleus. For details regarding the calculation of the plasma membrane
fraction and background correction see section 4.2.11. (C) Quantification of the
GFP-intensity at the plasma membrane in each of the three conditions. Values are
given as means + SD (n = 3 experiments; 20 cells per condition and experiment;
two-tailed t-test compares (i) control to Stx-full/Stx-AS and (ii) Stx-full to Stx-AS;
ns = p > 0.05) (Figure taken from: Mertins et al., 2021).

5.1.2.2.3 Ratio after overexpression of SNAREs directly at the plasma mem-
brane To determine the ratio of Syntaxin 1A /SNAP25 specifically at the plasma
membrane after overexpression, Stx-full or GFP-SNAP25 was expressed in PC12
cells. Membrane sheets were stained for endogenous + overexpressed Syntaxin 1A
("Total Stx1A" in Figure 5.5 A) with an antibody against syntaxin “s N-terminal do-
main (HPC-1) and simultaneously against overexpressed Stx-full ("OE Stx1A" in
Figure 5.5 A) using an antibody against the C-terminal myc-tag. Endogenous +
overexpressed SNAP25 ("Total SNAP25" in Figure 5.5 B) was visualized using an
antibody against SNAP25 and overexpressed GFP-SNAP25 ("OE SNAP25" in Fig-
ure 5.5 B) was visualized directly via the GFP-tag.

Plotting the values of "Total Stx1A/SNAP25" versus "OE Stx1A/SNAP25", we can

see that, on the level of single membrane sheets, Syntaxin 1A is elevated up to
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9-fold, but in the majority of membrane sheets it is elevated around 3- to 6-fold.
SNAP25 on the other hand is elevated up to 4-fold, with the majority of membrane
sheets showing a 2- to 3-fold elevation. This exemplifies the high variety of expres-
sion levels between cells.

In later experiments (see Figures 5.7 to 5.12), membrane sheets were usually taken
from a middle expression range because in the highest expression states it was
not possible to distinguish between single maxima anymore. We rarely observed
membrane sheets with different relative levels of overexpression, meaning when
SNAP25 was highly elevated, Syntaxin 1A was as well. Therefore, in those mem-
brane sheets from the middle expression range, we estimate that we still deal with
roughly 5-fold more SNAP25 over Syntaxin 1A.

Thus we can safely conclude that we usually deal with a several fold surplus of

SNAP25 in all imaged plasma membrane sheets.
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FIGURE 5.5: Ratio of Syntaxin 1A and SNAP25 after overexpression directly
at the plasma membrane. Immunostaining directly at the plasma membrane
of unroofed PC12 cells reveals different elevation levels. (A and B) Stx-full or
GFP-SNAP25 is expressed and stained for endogenous + overexpressed (Total
Stx1A/SNAP25) and overexpressed (OE Stx1A/SNAP25) protein. Specific single
sheet intensities are plotted against each other and a regression line is fitted through
the respective data, yielding slopes of 0.03 for Syntaxin 1A and 0.12 for SNAP25,
respectively. Y-axis intercepts from regression lines represent the average signal of
endogenous protein, used for normalization of the total protein intensities. Circled
dots show two representative sheets which were typically used for further detailed
analysis regarding cluster organization. Images are shown at arbitrary scaling. Val-
ues from three biological replicates are pooled, each including at least 30 membrane
sheets (Figure taken from: Mertins et al., 2021).
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5.1.3 Epitope accessibility of GFP-SNAP25

Before turning towards high-resolution microscopy, we examined the syntaxin-
dependent distribution of SNAP25 at the plasma membrane of PC12 cells by epi-
fluorescence microscopy. GFP-SNAP25 was either overexpressed alone or in com-
bination with one of the syntaxin-constructs. Previous studies showed that epitope
accessibility of SNAP25 was dependent on the conformational state of the protein
itself. Staining with an antibody was significantly reduced when (YFP-)SNAP25 is
forced in a highly clustered state. Furthermore, when looking at the intensity of the
GFP-tag itself, it was also drastically decreased after Ca?"-treatment (Zilly et al.,
2011). This is an effect most likely due to GFP self-quenching resulting from GFPs
coming into close proximity, a phenomenon already described in GFP-labelled pro-
tein oligomers (Ochiishi et al., 2016, Schneider et al., 2021).

Here, the epitope accessibility towards GFP of the GFP-SNAP25 construct was
probed by comparing the GFP-intensity itself to a staining with a corresponding
«GFP nanobody, to determine the influence of Syntaxin 1A on the lateral organiza-

tion/packing of SNAP25.

5.1.3.1 Artificially increasing the clustering degree of SNARE-proteins to inves-

tigate changes in epitope accessibility

Zilly et al. argue that the change in SNAP25 staining intensity in membrane sheets
is due to a change in packing density and consequentially a decrease in epitope
accessibility. To proof whether this concept can be employed to the accessibility of
the GFP-tag, we wanted to force the proteins at the plasma membrane into a highly
clustered state and assess the staining intensity as well as epitope accessibility for
the GFP-tag itself using an aGFP-nanobody, the GFP-intensity and additionally the
conventional antibody HPC-1 to stain Syntaxin 1A. For the conventional antibody
HPC-1, the binding accessibility is expected to decrease (Zilly et al., 2011).

To drive the molecules into a highly clustered state, we raised the calcium concen-
tration in intact PC12 cells using the ionophore "lonomycin". Ionomycin is capable

of forming a complex with divalent cations, preferentially Ca?". In order to see
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whether Syntaxin 1A influences epitope accessibility, PC12 cells were transfected

with GFP-SNAP25 alone or in combination with Stx-full or Stx-AS.

Intact PC12 cells were incubated with a buffer containing Ionomycin and extra-
cellular Ca?™ or, as a control, EGTA was added to the buffer to chelate calcium-ions
in the extracellular environment. After a 5 min treatment at 37°C, native membrane
sheets were generated, fixed and stained.

Figure 5.6 shows representative images from the three conditions and analysis of
the ROl staining intensity and degree of clustering (rSDM, the value increases when
the observed protein pattern is less homogeneous thus more clustered; see also sec-
tion 4.2.11). Values are normalized to the control (no Ca?") per condition and ex-
periment. It is set to 100 % and shown as a dotted line in the graphs. In this way
we can focus on the change in staining intensity and degree of clustering as a direct
result of an increased calcium concentration.

Figure 5.6 A and B show the GFP-tag fluorescence (488 channel) and the corre-
sponding aGFP-nanobody coupled with ATTO647 (647 channel). The same mem-
brane sheet was imaged in both channels for better comparison. Without raising the
intracellular calcium concentration, GFP-SNAP25 shows a very widespread distri-
bution all over the membrane (Figure 5.6 A, upper row; no Ca®>"). Looking at the
corresponding nanobody-staining, the staining pattern looks identical.

Upon elevation of intracellular calcium, the staining intensity and degree of clus-
tering drastically change for the GFP-fluorescence and nanobody staining (lower
row; + Ca?"). The intensity of the GFP-fluorescence decreases to roughly 30 -
50 % of the initial intensity, the rfSDM increases 2.5 - 4-fold. Looking at the visu-
alization with the nanobody, the effect is even shown for both parameters (please
note different scaling of y-axis in tfSDM plot, Figure 5.6 A-C). When looking at the
GFP-fluorescence itself, in comparison to the control, the Stx-full condition shows
a 2.5-fold increase in clustering compared to Stx-AS, which shows an almost 4-fold
increase. This points to the fact that GFP-SNAP25, in the presence of Stx-full, is al-
ready more tightly clustered than GFP-SNAP25 together with Stx-AS. Yet, the effect

of Syntaxin 1A on the accessibility of the GFP-tag is not clear from this experiment,
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because the changes between the control and Stx-full/Stx- after calcium-elevation
are not significant. Therefore, we wanted to turn to single sheet analysis (Figure
5.7). Thus we conclude that tight clustering induced by Ca?* is most likely respon-
sible for GFP-self quenching and also for an inaccessibility of the «GFP nanobody
to its epitope.

The staining of syntaxin-clusters with a conventional antibody is displayed in Fig-
ure 5.6 C. In line with previous reports, we observe a decrease in staining intensity
upon tighter packing of syntaxin molecules when employing the HPC-1 primary
antibody. Here, the difference in the rSDM upon calcium incubation is even more
pronounced. In the control and Stx-full condition the rfSDM rises around 4 to 6-
fold, yet Stx-AS increases up to 9-fold. The rSDM increase of Stx-AS upon calcium
elevation is probably stronger, because it is much less clustered in the absence of

Ca?t.
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FIGURE 5.6: Influence of intracellular elevated calcium concentration on epi-
tope accessibility comparing nanobody and conventional antibody. (A) Confo-
cal imaging of GFP-fluorescence from GFP-SNAP25 imaged in the 488-channel,
(B) corresponding «GFP-nanobody ATTO647 and (C) Syntaxin 1A visualized with
a conventional antibody HPC-1 coupled with AF594. Upper row always shows
membrane sheets which were incubated without extracellular Ca?* (chelated by
EGTA) in comparison to increased calcium-concentration (lower row). Values are
related to no Ca?", set to 100 % (dotted line). Images from one channel are shown
at the same scaling, employing a linear lookup table. Values are given as means
+ SD (n = 3 experiments; 20 sheets per condition and experiment; two-tailed t-test
compares (i) control to Stx-full/Stx-AS and (ii) Stx-full to Stx-AS.
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5.1.3.2 Accessibility towards the GFP-tag probed directly in membrane sheets

After establishing that the staining with an «GFP-nanobody is able to detect differ-
ent packing densities, we tested the accessibility of GFP-SNAP25 directly in PC12
plasma membrane sheets.

Images in Figure 5.7 A show membrane sheets from PC12 cells, visualizing the
GFP-tag and the corresponding nanobody-intensity. Upper row shows membrane
sheets only expressing GFP-SNAP25 (control), in the middle row membrane sheets
with GFP-SNAP25 + Stx-full are shown (Stx-full), lastly the lower row shows the
membrane sheets expressing the Syntaxin 1A-deletion variant (Stx-AS). Looking at
the overall average sheet intensity (Figure 5.7 B), upon co-expression with Stx-full,
the GFP- and nanobody-intensity both decrease. The GFP-intensity decreases to
around 77 % and the ATTO647-intensity arising from the nanobody is even lower
with only 47 % .The Pearson Correlation Coefficient (PCC, measures the overlap
between two channels; section 4.2.11) shows the same pattern, in the way that
upon Stx-full co-expression the PCC decreases and subsequently increases upon
co-expression with the variant Stx-AS (Figure 5.7 C). As a control, the GFP-channel
was flipped horizontally and vertically, mimicking a non-related distribution, be-
fore measuring the PCC again ("flipped" condition in Figure 5.7 C).

Plotting the single membrane sheet intensities from the GFP-tag against the « GFP-
nanobody without additional syntaxin, we can observe that the binding shows a
positive correlation to the expression level (control shown in black, Figure 5.7 D).
Compared to that, when Stx-full is present, we have less ATTO647-intensity per
GFP-tag intensity (Stx-full shown in red, Figure 5.7 D). Again, upon expression of
Stx-AS, the nanobody per GFP-tag ratio increases slightly (S5tx-AS shown in green,
Figure 5.7 D) compared to Stx-full, but does not reach the control level. This is in
accordance with the overall average membrane sheet intensity in Figure 5.7 B and
excludes that effects in Figure 5.7 B are due to the inclusion of unrepresentative
populations of membrane sheets or differences in expression levels.

Taken together, the data suggests that Syntaxin 1A mediates a state of SNAP25 in

which it is packed more densely.
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FIGURE 5.7: Accessibility of the GFP-epitope at the plasma membrane changes
upon syntaxin overexpression. Plasma membrane sheets from PC12 cells express-
ing GFP-SNAP25 alone or in combination with one of the syntaxin-constructs were
fixed and stained as described in section 4.2. (A) Epifluorescence images showing
GFP- (left column) or ATTO647 labelled nanobody-staining (middle column) as
well as the overlay (right column). Images from one channel are shown at the same
scaling, employing a linear lookup table. (B) Average ROI sheet intensity from the
GFP-tag and aGFP-nanobody ATTO647 per condition, normalized to control (set to
100 %). (C) PCC and flipped control. (D) ATTO647 intensity from individual mem-
brane sheets is plotted against their corresponding GFP intensity values. Then, a
linear regression line is fitted through the data, yielding slopes of 0.54 (control),
0.24 (Stx-full) and 0.35 (Stx-AS). Two-tailed t-test shows a p-value < 0.0001 between
control and Stx-full /Stx-AS and between Stx-full and Stx-AS slopes. Per condition,
membrane sheets from 3 independent experiments are pooled (control: n = 245;
Stx-full: n = 266; Stx-AS: n = 269 membrane sheets) (Figure taken and modified
from: Mertins et al., 2021).
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5.1.4 Interaction between SNAP25 and Stx-full/Stx-AS probed by Co-

Immunoprecipitation

The previous experiment where the epitope accessibility was analysed, showed
that upon expression of additional Stx-full, we observe a diminished accessibil-
ity for the nanobody towards GFP-SNAP25. Expression of Stx-AS did show a
weaker effect, which suggests that this change in accessibility might be dependent
on a complete SNARE-motif. Previous studies already reported that the Stx-AS
construct is less efficient in homomeric clustering due to its shortened SNARE-
motif (Merklinger et al., 2017), thus it might also have a weakened interaction with
SNAP25. To assess the interaction strength between SNAP25 and Stx-full /Stx-AS,
we employed Co-Immunoprecipitation.

For this experiment we used HepG2 cells because they do not express endoge-
nous SNARE proteins and endogenous Syntaxin 1A would compete for binding to
SNAP25. This allows us to only focus on the interaction of GFP-SNAP25 and Stx-
full or Stx-AS. GFP-SNAP25 was pulled down from Lammli-lysed cells using anti-
GFP agarose beads, analysed by western blot and stained against the myc-tag of
the syntaxin-constructs. Figure 5.8 shows that the pull-down of GFP-SNAP25 was
essentially complete and a large fraction of Stx-full was co-immunoprecipitated
(compare weak band in flow-through and strong band in pull-down). Compared
to that, the interaction with Stx-AS is almost completely abolished (Figure 5.8), ob-
vious by the weak myc-staining in the pull-down. Quantification shows that only
around 10 % of Stx-AS is co-immunoprecipitated in comparison to Stx-full.

This diminished interaction supports the view that the difference in epitope acces-
sibility (Figure 5.7) when overexpressing Stx-full compared to the variant with a

shortened SNARE-domain is due to a Syntaxin 1A-SNAP25 interaction.
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FIGURE 5.8: Co-IP reveals diminished interaction between GFP-SNAP25 and
Syntaxin 1A with a shortened SNARE-motif. Expression of GFP-SNAP25 alone
(control) or together with Stx-full or Stx-AS in HepG2 cells (which lack endoge-
nous SNARE-proteins) and subsequent immunoprecipitation of GFP-SNAP25 with
«GFP agarose beads. Left, Stx-full or Stx-AS visualized using an «aMyc-tag antibody
and GFP-SNAP25 using an aGFP antibody in the input (whole cell lysate), flow-
through and pull-down. Right, band quantification of pull down. The aMyc band
intensity is related to the «GFP band intensity and Stx-full is set to 100 %. Values
are given as means + SD (n = 3 experiments). Two-tailed t-test compares Stx-full to
Stx-AS; **p < 0.001. Transfection, lysis and pull-down of HepG2 cells was done by
Jérome Finke (Figure taken from: Mertins et al., 2021).
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5.1.5 High-resolution STED microscopy to study mesoscale organiza-

tion of SNARE-proteins at the plasma membrane

Subsequently, we analysed the lateral distribution of SNARE-proteins at the plasma
membrane using high-resolution light microscopy. For this, the same samples as in
the previous experiment employing epifluorescence imaging see (Figure 5.7) were
recorded.

The high-resolution imaging data was further analysed employing a custom-written
Image] macro, capable of extracting high-volumes of data describing distinct pa-
rameters of the two proteins of interest as cluster density, intensity and distances
to each other. The custom-written Image] macro (for more information see section
4.2.11) determines the specific size of each detected maxima individually. Depend-
ing on the expression level and the ROl size of that particular sheet, we end up with
up to several hundreds of analysed maxima for each sheet. For the specific maxima
size, values were only included if they showed a R?>-value > 0.8 and if the peak
of the gaussian fit was located close to the middle of the line scan. This selection
was used to exclude maxima which were so close to each other that they already
merged, leading to abnormal large maxima sizes.

Again, we examined the previously established overexpression conditions with ei-
ther GFP-SNAP25 alone or in combination with Stx-full or Stx-AS. Given the tight
interaction between Stx-full and GFP-SNAP25 (see Co-IP in Figure 5.8) and the di-
minished epitope accessibility (see epifluorescence imaging in Figure 5.7), Stx-full
was hypothesized to influence the lateral distribution of SNAP25 in the plasma
membrane. As stated before (see section 5.1.3.1), syntaxin-constructs were visu-
alized employing conventional primary and secondary antibody staining (xHPC-1
coupled with AF594), whereas GFP-SNAP25 was visualized with an «GFP-nanobody
coupled with ATTO647.

Visually, it is already obvious that the Syntaxin 1A staining is much more punctuate
and consistent regarding the shape of the maxima. It is concentrated in sharply de-
fined clusters with a diameter of ~80 nm for the endogenous syntaxin control (con-

trol condition, Figure 5.9 A, top left image). Overexpression of Stx-full increases
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the average staining intensity by ~5-fold. The number of maxima triples and the
specific maxima size increases by 40 % (Figure 5.9 B). Overexpression of the dele-
tion construct Stx-AS leads to an even larger increase in staining intensity by up
to 11-fold. Compared to Stx-full, the number and size of maxima increases even
further (~400 % and ~180 % increase, respectively). This is to be expected, because
at the same molecule copy number, Stx-AS clusters are stained more efficient due
to their less tight packing (Merklinger et al., 2017).

Compared to that, the SNAP25 staining (xGFP-nanobody coupled with ATTO647),
is present in diffuse structures spread out all over the plasma membrane (Figure 5.9
A). Because nanobodies are directly linked to a fluorophore, they do not produce
the same signal amplification as primary and secondary antibody staining. The
lower signal-to-noise ratio might also lead to a diffuser signal appearance and thus
influences the counting of maxima, which will most likely be overestimated. This is
the reason why the analysis of maxima sizes is not presented here for SNAP25, be-
cause the results are presumably not very reliable given the weak staining. There-
fore, we opted for the analysis of the degree of clustering, rSDM.

As shown in Figure 5.7 and Figure 5.9 A, expression of Stx-full decreases the ROI
intensity of SNAP25 (quantification of ATTO647 intensity). Together with that, the
rSDM increases (Figure 5.9 C), which can also be observed as a less abundant stain-
ing in the images (compare upper and middle row in Figure 5.9 A). As already seen
in Figure 5.7, the expression of Stx-AS does not influence SNAP25 in the same way
when looking at the parameter ROI intensity or the additional parameters rfSDM
and maxima density.

A detailed analysis of the overlap of both proteins (Figure 5.9 D) shows an expected
increase in overlap when raising the overall syntaxin level by adding Stx-full (See
Figure 5.9 A as well). Interestingly, the increase in overlap is even stronger when
Stx-AS is overexpressed. Yet, given our expectation that Stx-AS clusters form less
efficiently and hence Stx-AS is more homogeneously distributed all over the mem-

brane, a larger overlap between Syntaxin 1A and SNAP25 is expected.
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FIGURE 5.9: Syntaxin 1A clusters change the distribution of SNAP25. Mem-
brane sheets are generated from PC12 cells expressing GFP-SNAP25 alone (con-
trol) or together with Stx-full or Stx-AS. Endogenous Syntaxin 1A/Stx-myc con-
structs are visualized by an antibody raised against the molecule’s N-terminus,
coupled an AF594-coupled secondary antibody; GFP-SNAP25 is visualized by an
ATTO647-labelled aGFP nanobody. (A) Representative images from the Syntaxin
1A or SNAP25 channel for each condition, PCC is given in the top right corner
(for more details see D). (B) Analysis of Syntaxin 1A ROI staining intensity, max-
ima size and maxima density; control was used for normalization and set to 100 %.
(©) For SNAP25, the ROI intensity, clustering degree (rfSDM) and maxima den-
sity were analysed. Again, control value was used for normalization and set to
100 %. (D) PCC quantification and corresponding flipped control. (n = 6 to 9 exper-
iments, including the three experimental preparations used in Figure 5.7; at least
15 membrane sheets were imaged per condition and experiment. Two-tailed stu-
dent’s t-test compare (i) control to Stx-full /Stx-AS and (ii) Stx-full to Stx-AS; ns =
not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001). (E) Individual membrane
sheet intensity of Stx-full plotted against the rSDM of SNAP25. 139 single sheets
from the Stx-full condition are shown (Figure taken and modified from: Mertins
et al., 2021).

To rule out the possibility that the less homogeneous SNAP25 distribution and
staining is an effect of a very high Stx-full expression level, individual sheet intensi-

ties of this condition were plotted against the clustering degree of SNAP25 (Figure
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5.9 E). In fact, we do not observe an increase in the rSDM with the expression level.
Furthermore, this shows that the ratio of the two proteins is also not the most im-
portant factor.

Finally, Figure 5.10 shows a magnified view of a few syntaxin-clusters and SNAP25.
SNAP25 is located closely around clustered syntaxin. In general, we do not observe

concentric clusters of Syntaxin 1A and SNAP25.

Syntaxin1A SNAP25 Merge
—

control

Stx-full

Stx-AS

FIGURE 5.10: Magnified view of Syntaxin 1A-clusters and SNAP25-crowds. A
magnified view shows that SNAP25 accumulates around Syntaxin 1A-clusters, the
two proteins do not mix inside the cluster (Figure taken from: Mertins et al., 2021).

5.1.5.1 Maxima size distribution

To further characterize how SNAP25 maxima depend on the interaction with Syn-
taxin 1A, we looked more closely at the size distribution of the maxima. As already
mentioned in the previous section 5.1.5, due to the lower signal-to-noise ratio of the
SNAP25 staining with the «GFP-nanobody, maxima size analysis for this channel
was not as decisive compared to the one for Syntaxin 1A maxima. Nevertheless,
we wanted to take a closer look at the data, to see whether the SNAP25 maxima
size may change overall, or if different populations can be distinguished with re-
gards to the co-expression of Stx-full or Stx-AS. In addition, we analysed the size
distribution of endogenous Syntaxin 1A, Stx-full and Stx-AS maxima.

Maxima sizes were determined on the basis of high-resolution images presented
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in Figure 5.9 employing the previously mentioned custom-written Image] macro
(see section 4.2.11 and section 5.9). Figure 5.9 B already shows the average maxima
size of Syntaxin 1A in each condition (control, Stx-full and Stx-AS). In the follow-
ing analysis, all maxima sizes from each independent experiment and sheet were
pooled and sorted into 10 nm steps.

Figure 5.11, upper graph shows the maxima size distribution of endogenous Syn-
taxin 1A (red bars, control) and upon expression of Stx-full (black bars, Stx-full)
and Stx-AS (grey bars, Stx-AS) in percentages. When looking at endogenous Syn-
taxin 1A only, the maxima size peaks at around 60 - 70nm. Overall, around a
third of all analysed maxima show this size. This is close to previously found aver-
age syntaxin-cluster sizes of ~65nm in STED-microscopy (Sieber et al., 2007) and
~50nm in PALM (Rickman et al., 2010).

Upon expression of the Stx-full construct, maxima sizes increase over the whole
spectrum, peaking at around 70 - 80nm. This is to be expected when raising the
syntaxin concentration at the plasma membrane, because it was already reported
that overexpression leads to a higher cluster density, which are not much bigger
(Sieber et al., 2006; Merklinger et al., 2017). Expression of Stx-AS shifts the distribu-
tion of maxima sizes even further towards bigger maxima. The peak is lower, but
still located at a maximum diameter of 70 - 80 nm, yet with only 15 % of all maxima.
Maxima sizes from 120 nm upwards is dominated by Stx-AS maxima.

SNAP25 on the other hand shows a very different maxima size distribution (Figure
5.11, lower graph). Maxima cover a wider range of sizes, with overall less pro-
nounced peaks compared to Syntaxin 1A maxima distribution. As already stated
previously, due to the more diffuse staining of GFP-SNAP25, we most likely over-
estimate the maxima sizes. Keeping that in mind, in comparison to the control, we
can still see a very prominent shift of SNAP25 maxima sizes towards smaller values
when Stx-full is expressed, with a peak at 60 - 70 nm. This presents a stark contrast
to the expression of Stx-AS that does not induce such a change, but it looks more
similar to the observed maxima sizes when no additional syntaxin is expressed
(control).

Hence, the syntaxin-variant with the shortened SNARE-motif (Stx-AS) does not



5.1. Mesoscale organization of Syntaxin 1A and SNAP25 71

seem to have the ability to change the distribution of SNAP25, like Stx-full has

altogether.
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FIGURE 5.11: Maxima size distribution of Syntaxin 1A and SNAP25. Histogram
of maxima sizes from Syntaxin 1A and SNAP25 in the control (red bars, endoge-
nous Syntaxin 1A) and after expression of Stx-full (black bars) or Stx-AS (grey bars).
Given is the percentage of clusters found in a bin with a size of 10nm. This graph
only shows maxima sizes up to 300 nm, for a complete maxima size distribution up
to 1000 nm, see Suppl. Figure 7.1.
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5.1.6 Imaging with exchanged spectral properties to assure that SNAP25

staining is less defined

As mentioned before, we observe a rather diffuse staining pattern with a low signal-
to-noise ratio for GFP-SNAP25 when using the «GFP-nanobody coupled with ATTO647,
which is in contrast to the defined staining of Syntaxin 1A with the HPC-1 primary
antibody and secondary antibody coupled to AF594. We argue that this difference
in staining pattern is due to the organization of the protein itself on the membrane
and not influenced by the chosen fluorophore. To determine that the spectral prop-
erties of the fluorophores do not influence the outcome of the analysis, the fluo-
rophores were exchanged and the analysis repeated.

For this,PC12 cells were transfected with GFP-SNAP25 alone or in combination
with either Stx-full or Stx-AS and treated as mentioned before. To visualize Syn-
taxin 1A, the HPC-1 antibody was now visualized with a secondary antibody cou-
pled with ATT0647. For SNAP25 on the other hand, an «GFP-nanobody coupled
with ATTO594 was employed. Please note that we could not use a nanobody cou-
pled with AF594 because it is not commercially available. However, AF594 and
ATTO594 have very similar spectral properties, which makes ATTO594 a suitable
replacement for this experiment.

After switching the spectral properties, example images from membrane sheets
(5.12 A) show a very similar staining pattern as already observe in Figure 5.9. Re-
garding the staining of Syntaxin 1A (control and Stx-full) and its deletion-variant
Stx-AS, we still see a defined cluster-staining, cluster size and density (compare
Figure 5.9 B and Figure 5.12 B). We can also still observe that Stx-full influences
SNAP25-distribution compared to Stx-AS (see decrease in SNAP25 staining inten-
sity and maxima density as well as an increased clustering degree, Figure 5.12 C).
Furthermore, even in the other channel, the staining from GFP-SNAP25 still looks
more diffuse compared to the Syntaxin 1A staining.

Thus, we can conclude that the difference in visual appearance in the STED-micro-

graphs is not based on different spectral properties of the fluorophores.
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FIGURE 5.12: Exchanging spectral properties of Syntaxin 1A and SNAP25 stain-
ing. (A) Images from membrane sheets after exchanging the spectral properties of
the fluorophores used in the different channels. SNAP25 is now visualized with an
«GFP-nanobody coupled with ATTO594, Syntaxin 1A with the aHPC-1 antibody
coupled with an ATTO647 secondary antibody. (B and C) As in Figure 5.9, detailed
analysis of Syntaxin 1A and SNAP25 parameters describing their lateral distribu-
tion in the plasma membrane. All values given as mean +SD, related to control set
to 100 % (n = 3 experiments, 20 membrane sheets were imaged per condition and
experiment. Two-tailed student’s t-test compare (i) control to Stx-full/Stx-AS and
(ii) Stx-full to Stx-AS; ns = not significant, p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.)
(Figure taken an modified from: Mertins et al., 2021).

5.1.7 Role of SNAP25 SNARE-motifs in the mesoscale organization

So far, experiments show that Syntaxin 1A with a complete SNARE-motif (Stx-full)
seems to be able to influence the lateral organization of SNAP25. Compared to
Syntaxin 1A, SNAP25 has two SNARE-motifs. They are both involved in the for-
mation of the ternary SNARE-complex during membrane fusion (Stein et al., 2009).
We were wondering if both SNARE-motifs are also required for the mesoscale orga-
nization or whether one is sufficient. Hence, we compared three SNAP25 deletion
constructs where either the C-terminal (SNAP25-AC), N-terminal (SNAP25-AN) or
both SNARE-motifs (SNAP25-AN/C) are deleted and that were co-expressed with
Stx-full. As a control, SNAP25-GFP with both SNARE-motifs (SNAP25-WT) was
used. The control condition is identical to the "Stx-full" condition in Figure 5.9.

Comparing the mean ROI intensities (data not shown), SNAP25-WT shows the
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lowest of all constructs with a gradual increase with a deletion from the N- to C-
terminal domain or both (see also Figure 5.13 A, upper row). The inversed tendency
is also seen for the PCC and the rSDM (5.13 B and C).

Deleting one or more SNARE-motifs of SNAP25 leads to a more homogeneous dis-
tribution of the protein. When plotting the rSDM against the mean ROI intensity
of single membrane sheets (Figure 5.13 D), at the same ROI intensity, SNAP25-
WT show a higher clustering degree (black regression line), compared to SNAP25-
AN/C (grey regression line, see magnification in Figure 5.13 D and compare top
left and top right images in A). This implicates that in SNAP25-AN/C the SNAP25-
crowds are less tightly packed with a better accessibility to the GFP-tag (see Figure
5.7). Deletion of the N-terminal motif (SNAP25-AN) leads to similar looking mem-
brane sheets, deletion of the C-terminal motif leads to membrane sheets looking
more similar to the control (SNAP25-WT). Figure 5.13 E visualizes the radial pair
distribution function (RPDF; as g(r)). This analysis describes the probability to find
a syntaxin-cluster in a shell (15nm) around a SNAP25-crowd at a certain radius
(r(nm)). We find SNAP25-WT closer to syntaxin-clusters than all the other SNAP25
constructs. Deleting the C-terminal domain leads to less syntaxin-clusters in the
proximity of SNAP25, yet it does not show such a drastic decrease as the other two
deletion variants.

This leads us to the conclusion that SNAP25 s N-terminal SNARE-motif is more
important for the mesoscale organization on the plasma membrane and primarily

interacts with syntaxin “s SNARE-motif.
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FIGURE 5.13: Analysis of SNAP25-deletion constructs to identify the SNARE-
motif responsible for Syntaxin 1A mediated mesoscale organization. (A) Exam-
ple images from membrane sheets of PC12 cells expressing Stx-full in combination
with either GFP-SNAP25 (SNAP25-WT), a GFP-SNAP25 construct lacking the C-
terminal motif (SNAP25-AC), the N-terminal motif (SNAP25-AN) or both motifs
(SNAP25-AN/C). (B) PCC between Stx-full and each GFP-SNAP25-construct. (C)
rSDM of GFP-SNAP25 normalized to the WT, set to 100 %. (D) tSDM from individ-
ual membrane sheets of GFP-SNAP25 constructs plotted against their mean ROI
intensity. (E) Radial pair distribution function (RPDF; as g(r)). SNAP25 is the refer-
ence maxima, shown is the probability to find a syntaxin maxima in a shell (15nm)
around a SNAP25 maxima at a certain radius (r(nm)). Analysis of RDF contributed
by Prof. Jan Hasenauer. Parts of transfection, immunostaining and imaging was
done by Jérome Finke (Figure and legend modified from: Mertins et al., 2021).
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5.2 Influence of regulatory factors on the mesoscale organi-

zation

So far, this study could show that Syntaxin 1A is capable of influencing SNAP25-
crowds via a SNARE-SNARE-motif interaction. Furthermore, it was shown that
the N-terminal domain of SNAP25 is the main interaction partner for syntaxin’s
SNARE-motif. Re-organization in the plasma membrane might be a way to ensure
proper formation of the acceptor-complex (see section 6).

A follow up question is, whether Syntaxin 1A and SNAP25 are the only two pro-
teins involved in the regulation of the mesoscale organization or if other regula-
tory proteins might play a role in this. For example, Munc18-1 or Complexin are
important proteins that interact with SNARE-proteins / SNARE-complexes before

membrane fusion (Rizo et al., 2015).

5.2.1 Muncl18-1

The SNARE-cycle (see section 2.3.5) includes several regulatory proteins which in-
fluence and orchestrate this process. Looking at the proteins involved, one promis-
ing candidate that might be able to change the organization of SNAREs at the
plasma membrane is Munc18-1. It has been shown to tightly interact with Syn-
taxin 1A, dominantly by stabilizing its closed conformation (Misura et al., 2000;
Chen et al., 2008), yet it is also able to bind to the open conformation (Burkhardt
et al., 2008) as well as to assembled t-SNARE-complexes (Dulubova et al., 2007;
Shen et al., 2007). Furthermore, high-resolution imaging data and Co-IP show a
tripartite interaction of Munc18-1-Syntaxin 1A-SNAP25, where Syntaxin 1A is the
connecting link between Munc18-1 and SNAP25 (Pertsinidis et al., 2013).

Therefore, to test the influence of Munc18-1 on the mesoscale organization of Syn-
taxin 1A (and/or SNAP25), we incubated plasma membrane sheets with Munc18-1.
Previously, we tested whether plasma membrane sheets possess free binding sites

for Munc18-1 and whether it binds efficiently to Syntaxin 1A.
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5.2.1.1 Munc18-1recruitment to the plasma membrane depends on the full SNARE-

motif of Syntaxin 1A

To study whether Munc18-1 binds to Syntaxin 1A, we used an approach based on
HepG2 cells which do not express neuronal SNARE-proteins like Syntaxin 1A and
SNAP25. HepG2 cells were transfected with Munc18-1-GFP together with Stx-full
or Stx-AS. Stx-AS was used as a control because it lacks part of the SNARE-motif
and therefore an important point of interaction (Merklinger et al., 2017). In this co-
expression system we can study the influence of syntaxin ’s-SNARE motif on the
recruitment of Munc18-1 to the plasma membrane .

Studies show that Syntaxin 1A alone is able to traffic to the cell membrane (Too-
nen et al., 2005; Merklinger et al., 2017). In PC12 cells, Munc18-1 localization to
the plasma membrane depends on direct interaction with Syntaxin 1A (Schiitz et
al., 2005). Here, we wanted to validate this hypothesis with our own syntaxin-
deletion construct with a truncated SNARE-motif. We would expect less binding
of Munc18-1 to the plasma membrane compared to Stx-full. Munc18-1-GFP flu-
orescence was amplified with an aGFP-nanobody coupled to ATTO488, whereas
syntaxin-constructs were visualized via their 3xmyc-tag (xMyc-tag visualized with
a secondary antibody coupled to AF594). Here, we switched from the previously
used HPC-1 antibody (visualizing endogenous Syntaxin 1A and Stx-full/Stx-AS) to
labelling the C-terminal 3xmyc-tag localized at the extracellular side. Switching the
labelling strategy was necessary, because after Munc18-1 is bound to Syntaxin 1A
at the plasma membrane, the epitope for the HPC-1 antibody is probably masked
and therefore inaccessible.

Employing epifluorescence imaging, we analyse single membrane sheets (repre-
sentative images in Figure 5.14 A), plotting the Munc18-1 staining against the Stx-
myc staining intensity (Figure 5.14 B). The more Stx-myc staining we observe, the
more Munc18-1 is recruited to the plasma membrane. However, we see a strong
difference in Munc18-1 plasma membrane localization depending on the SNARE-
motif. Red circles indicate plasma membrane sheets shown for illustration. For

better comparison, a 2-times brighter sheet from the Stx-AS-condition was chosen
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as Stx-AS is better accessible for the antibody and thus yields a several-fold stronger
staining at the same molecule number . Comparison of the dependency of recruited
Munc18-1 from Stx/Stx-AS constructs indicates that Stx-AS almost completely has
lost its ability to recruit Munc18-1.

We conclude that Syntaxin 1A with the complete SNARE-domain (Stx-full) is able
to recruit Munc18-1 to the plasma membrane in a very efficient manner, compared

to Stx-AS, where we observe almost no staining at the plasma membrane anymore.
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FIGURE 5.14: Munc18-1 needs an intact SNARE-motif for membrane recruitment
by Syntaxin 1A. (A) Representative HepG2 membrane sheets from cells transfected
with Munc18-1-GFP in combination with either Stx-full (upper row) or Stx-AS
(lower row). Images in one channel are displayed with the same intensity scaling
employing a linear LUT. Syntaxin 1A constructs are stained with an «Myc-antibody
(visualized with a secondary antibody coupled to AF594), GFP-signal intensity of
Munc18-1 is enhanced with an aGFP-nanobody (coupled to ATTO488). (B) Sin-
gle membrane sheet intensities in both channels are plotted against each other and
a linear regression line (employing a least square s fit) is fitted through the data
points. Red circles indicate the two membrane sheets shown in (A) (membrane
sheets collected from n = 3 independent experiments, at least 15 sheets were im-
aged per condition and experiment).

5.2.1.2 Free Munc18-1 binding sites on PC12 membrane sheets overexpressing

Stx-full-myc

Next, PC12 cells were used to characterize the binding of recombinant Munc18-1
to free binding sites. To assess the binding, we turned to only overexpressing Stx-
full-myc alone and incubated the membrane sheets with recombinant Munc18-1.
We had to overexpress Stx-full-myc to be able to stain the myc-tag because we can

not use the HPC-1 antibody (see also previous section 5.2.1.1). Still, we wanted to
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test to which degree the binding of Munc18-1 is dependent on the amount of avail-
able Syntaxin 1A. Stx-full is labelled with an aMyc-tag antibody visualized with a
secondary antibody coupled to AF594, Munc18-1 with an antibody raised against
the protein itself and visualized with a StarGreen coupled secondary antibody. It
needs to be mentioned that we might deal with an unphysiological ratio between
Syntaxin 1A and SNAP25 that may also affect the Munc18-1 binding sites, but be-
cause we were trying to proof the principle, this was ignored in this experiment.
Representative epifluorescence images in Figure 5.15 A show the six conditions that
were compared. After sonication, membrane sheets were either incubated with
buffer only to determine any incubation effects or with four different Munc18-1
concentrations: 0.5, 1, 2 and 4 uM. Control is defined as the directly fixed condi-
tion, with no further incubation. Signal in the StarGreen-channel in the control and
buffer condition is arising from endogenous Munc18-1 in PC12 cells. We assume
that not all Munc18-1 binding sites are occupied before addition of recombinant
Munc18-1, because both proteins bind in a 1:1 stoichiometry (Misura et al., 2000)
and Syntaxin 1A is present in a roughly 20-fold excess over Munc18-1 in PC12 cells
(Schiitz et al., 2005) already without syntaxin overexpression. Overexpression of
Stx-myc should lead to a further increase in available binding sites.

As expected, the Munc18-1/green signal intensity rises when recombinant Munc18-
1 is added (Figure 5.15B). Upon incubation with only buffer, the signal intensity
decreases slightly, most likely due to Munc18-1 dissociating from the membrane.
Interestingly, we can not observe a correlation between the average ROI intensity
of overexpressed Stx-full and Muncl8-1 concentration (Figure 5.15C). However,
when plotting the Stx-myc expression level against the Munc18-1-intensity on the
level of single membrane sheets, it is clear that the binding is dependent on the syn-
taxin level (Figure 5.15C). Hence, even adding only 0.5 tM of Munc18-1 increases
the staining intensity to almost the same level as 4 1M Munc18-1 does.

This suggests that already the lowest concentration of 0.5uM is able to saturate

most of the available Munc18-1 binding sites, even after overexpression of Stx-full.
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FIGURE 5.15: Munc18-1 binding to PC12 membrane sheets overexpressing Stx-
myc. PC12 plasma membrane sheets directly fixed or incubated with different
buffers to characterize binding capacity of Munc18-1. (A) Representative images
from all conditions. Upper row shows Stx-full-myc, where the myc-tag («Myc-tag
antibody visualized with a secondary antibody coupled to AF594) is immunos-
tained. Membrane sheets were chosen representing a similar Stx-myc expression
level to compare Munc18-1 binding. Middle row shows membrane sheet stain-
ing against Munc18-1 (xkMunc18 antibody visualized with a secondary antibody
coupled to StarGreen). Control and buffer condition show endogenous Munc18-
1. Lower row shows the merged image. Membrane sheets from one channel are
displayed with the same scaling employing a linear LUT, to showcase the increase
in Munc18-1-staining upon addition of recombinant protein. (B) Both staining s
from single membrane sheet are plotted against each other with a linear regression
line fitted through (employing least squares fit). They show a positive correlation
between Syntaxin 1A expression level and Muncl8-1 staining intensity. (C) Bar
graphs showing mean ROI intensity for Syntaxin 1A (top panel) and Munc18-1
(lower panel). All values given as mean +SD. (n = 2 independent experiments, at
least 18 sheets were imaged per condition and experiment).
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5.2.1.3 Influence of Munc18-1 on the SNARE-mesoscale organization

To test the influence of recombinant Munc18-1 on the mesoscale organization of
Syntaxin 1A and/or SNAP25, PC12 cells were used. For visualization purposes,
GFP-SNAP25 was overexpressed and visualized with an aGFP-nanobody coupled
with ATTO647. Endogenous Syntaxin 1A was visualized using the previously men-
tioned HPC-1 antibody in combination with a secondary antibody coupled with
AF594. If Munc18-1 is a positive regulator of the mesoscale distribution of SNARE-
proteins, we would expect parameters to change in a way that indicates more clus-
tering of Syntaxin 1A and/or SNAP25, this means less maxima per pm?, an increase
in the rSDM and a decrease in ROI intensity. PC12 cells expressing GFP-SNAP25
were either directly fixed (control), incubated for 15 min with control buffer or with
6 UM Munc18-1.

Comparing directly fixed membrane sheets (control) with membrane sheets incu-
bated for 15 min without Munc18-1 (0 pM Munc18), it appears that Syntaxin 1A
starts patching together (compare Syntaxin 1A staining in upper and middle row
in Figure 5.16 A). This is confirmed in a trend towards a lower number of maxima.
This phenomenon has already been described before (Zilly et al., 2011). In contrast
to that, SNAP25 maxima density do not change upon incubation with recombinant
Munc18-1. None of the analysed parameter change significantly in the presence of
additional Munc18-1. For SNAP25, there is only a tendency towards a higher clus-
tering degree upon addition of 6 uM Munc18-1, which is accompanied by a very
slight drop in ROl intensity (Figure 5.16 C).

However, none of the observed effects are significant. Consequently, we reason
that Munc18-1 has no influence on the lateral distribution of neither Syntaxin 1A

nor SNAP25.
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FIGURE 5.16: Munc18-1 does not influence the distribution of SNAREs. Mem-
brane sheets from PC12 cells expressing GFP-SNAP25 were directly fixed or incu-
bated with buffer only (0 tM Munc18-1 ) or with 6 ptM Munc18-1 . (A) Example
images illustrating the three conditions. Endogenous Syntaxin 1A is visualized by
the HPC-1 antibody coupled with AF594, GFP-SNAP25 is visualized by an a GFP-
nanobody coupled to ATTO647. (B) Analysis of Syntaxin 1A average ROI intensity,
maxima size and maxima per pm?2, related to the average of directly fixed mem-
brane sheets (set to 100 %). (C) Analysis of SNAP25 average ROI intensity, cluster-
ing degree (rSDM) and maxima density, related to directly fixed membrane sheets.
Values are given as means +SD (n = 3 experiments, at least 10 sheets were imaged
per condition and experiment). Two-tailed student’s t-test compare (i) control to
0puM Muncl8-1/6 utM Munc18-1 and (ii) 0 pM Munc18-1 to 6 ptM Muncl8-1 ; ns =
not significant, p > 0.05, *p < 0.01. (Figure and legend modified from: Mertins
etal., 2021).
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6 Discussion

In this study, the mesoscale organization of the two classical SNARE-proteins Syn-
taxin 1A and SNAP25 was investigated. Before neuronal exocytosis takes place, the
two proteins can be found at the plasma membrane of neuroendocrine cells as well
as in the presynaptic membrane of neurons. But they are not randomly scattered,
yet show a specific organization on the mesoscale. Especially the nanoclustering
behaviour of Syntaxin 1A has been studied intensively. SNAP25 is also involved in

the SNARE nanocluster organization.

This study shows that syntaxin-clusters are able to redistribute the more widespread
and abundant SNAP25 on the plasma membrane using conventional (Figure 5.7)
and high-resolution microscopy (Figure 5.9) in combination with the plasma mem-
brane sheeting technique. To further characterize the interaction, deletion con-
structs of Syntaxin 1A and SNAP25 were examined (Figure 5.1). Using Co-Immuno-
precipitation (Figure 5.8) and assessing the specific distribution in the plasma mem-
brane using a custom written macro (Figure 5.9 and Figure 5.13), it was deter-
mined that the heterophilic protein-protein interactions are mainly facilitated via
the SNARE-motif.

Several regulatory proteins help to facilitate the complex process of neuronal exo-
cytosis. One very interesting protein here is the S/M-protein Munc18-1. It binds
tightly to Syntaxin 1A, yet its specific function in neuronal exocytosis is not eluci-
dated in detail. Here, we used recombinant Munc18-1 on membrane sheets (Figure
5.15 and Figure 5.16). The results of this study suggest that Munc18-1 has no role
in the regulation of the mesoscale distribution of Syntaxin 1A and/or SNAP25 at

the plasma membrane.
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6.1 Challenges of labeling proteins in a cluster

To visualize the organization of proteins at the plasma membrane, fluorescent label-
ing is inevitable. Already labeling of single proteins using traditional immunocyto-
chemistry presents challenges, such as unwanted background or unspecific stain-
ing. Visualizing proteins in a tight cluster presents the additional challenge that
the important epitope might be buried within the cluster, thus hindering correct
fluorescent labeling. To characterize the composition of a protein cluster, we would
ideally need a stoichiometric staining where each protein is labeled with one fluo-
rophore.

A study from 2019 compared antibody and nanobody labeling of Syntaxin 1A and
SNAP25 employing high-resolution microscopy on cultured primary hippocampal
neurons (Maidorn et al., 2019). For this, the group developed specific nanobody-
probes in their own lab, via immunization of alpacas and subsequent phage-display.
The nanobodies were then coupled with an ATTO647-fluorophore. Both nanobod-
ies detected the same populations as the conventional antibodies, yet showed a
more "smooth" distribution. Furthermore, they revealed a previously unknown
population of SNARE-proteins outside of synapses. They also tested their nanobod-
ies in PC12 cells, where they support our assumption that conventional antibodies
have difficulties reaching all epitopes in a cluster (Maidorn et al., 2019).

When Syntaxin 1A is engaged in tight homophilic clusters, we most likely deal with
a sub-stoichiometric labeling, meaning that not every single protein copy inside a
cluster is recognized by a primary antibody. The primary antibody which we use
for Syntaxin 1A detection is raised against the HPC-1 epitope (located at the N-
terminal domain of Syntaxin 1A). Once the single proteins are tightly engaged in a
cluster, it is practically impossible for the relatively bulky primary antibody (~150
kDa; ~15nm x ~5nm (San Paulo et al., 2000)) to reach every epitope (Figure 6.1).
Yet, we can use this fact to our advantage because, as already shown in a study
by Merklinger et al. (Merklinger et al., 2017) and this study, a sub-stoichiometric

labeling allows us to draw conclusions from the cluster staining intensity onto the
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cluster packing density. A decrease in staining intensity points to a tighter pack-
ing of molecules inside the cluster which makes epitopes inaccessible for staining
probes (as seen here in Figure 5.6, epifluorescence imaging in Figure 5.7 and high-

resolution imaging in Figure 5.9).

On the other hand, for SNAP25, we do not have a reliable primary antibody avail-
able. Previous studies employing conventional antibodies show very precise, punc-
tuate staining patterns (as seen in Rickman et al., 2010 and Saka et al., 2014). On
the other hand, genetic labeling of SNAP25 leads to a more widespread, less pro-
nounced distribution. Immunostaining of PC12 membrane sheets which also over-
expressed YFP-SNAP25, show that not every YFP-SNAP25 molecule is also pos-
itive for an antibody (Zilly et al., 2011). Further studies have also raised serious
doubts concerning these spotted staining patterns which are often seen in high-
resolution images employing conventional antibodies (Opazo et al., 2012; Reshet-
niak et al., 2020).

Because of that inconclusive staining, for this study a SNAP25-construct with a N-
terminal GFP-tag was moderately overexpressed in PC12 cells. The GFP-tag itself is
rather large in comparison to SNAP25 (27 kDa vs. 25 kDa, respectively). the rigidtiy
and size of the GFP-tag could theoretically influence the behaviour of SNAP25. But
first, it was shown that the expression of GFP-tagged SNAP25 is able to rescue
synaptic transmission in SNAP25-knockout mice, hence it is fully functional even
with this rather large tag. Second, results shown in Figure ?? B confirm that we
raise the overall concentration of SNAP25 by a maximum of 4-fold, the majority is
raised between 2- and 3-fold. Especially for high-resolution imaging in Figure 5.9,
sheets in the middle expression range were chosen, because over a certain thresh-
old of expression, it was not possible anymore to resolve single protein clusters. So
we assume that around half of all SNAP25 molecules are labeled with a GFP-tag
which should not interfere with clustering mechanisms. Thus we assume that this
approach represents the distribution of SNAP25 in the plasma membrane best.
Because the GFP-tag itself is not suitable for high-resolution STED-microscopy, we
labeled the GFP-tag with an aGFP-nanobody (~15kDa; ~2-5nm) coupled with
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ATTO647. Stainings for high-resolution microscopy employing a nanobody cou-
pled with an organic dye showed very good results in the past (Ries et al., 2012).
The nanobody used in this study exhibits a 1:1 binding towards GFP, and each
nanobody is labeled with one fluorophore (Degree of labeling; DOL = 0.8-1.2). The
epitope-label displacement is minimized in this approach, but we do not have the
signal amplification which we observe using conventional antibodies. This might

explain some of the lower signal-to-noise ratios observed in Figure 5.9.

6.2 Staining patterns and implications on clustering density

As already mentioned before, in tightly clustered proteins we can observe the ef-
fect that we encounter different staining intensities due to the protein s packing
density. Here, we do not only observe this for Syntaxin 1A (as already shown in
Merklinger et al., 2017), but also for SNAP25. Epifluorescence images in Figure 5.7
show a lower GFP-SNAP25 signal intensity upon overexpression of Stx-full. The
lower intensity from the GFP-tag itself raised the question whether we might deal
with a lower expression level at the membrane. This was excluded by verifying the
trafficking of GFP-SNAP25 to the membrane in the absence or presence of addi-
tional syntaxin-constructs (Figure 5.4). If we have a similar amount of GFP-SNAP25
at the plasma membrane, then what is the reason for the decrease in intensity of the
GFP-tag and the ATTO647-fluorophore? Previous studies showed that if two fluo-
rophores come in close proximity (~5nm or less), this can lead to self-quenching
effects (Schneider et al., 2021). A study from 2016 observed a similar effect of GFP-
self-quenching after oligomerization/aggregation of single amyloid-B-GFP-fusion
proteins (Ochiishi et al., 2016). Thus, we attribute this change in the observed stain-
ing intensity to a tighter packing of GFP-SNAP25.

The decrease in nanobody-intensity might be explained that upon close contact
of both molecules, the accessibility of the nanobody towards its GFP-epitope is
hindered, which leads to less binding and consequently a lower signal intensity.

We argue that this is most likely due to shielding of the epitope from syntaxin’s
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rather large N-terminal domain (see Figure 6.1). Yet, we can not rule out any self-
quenching effects if two ATTO647-fluorophores come in close contact.

However, the lateral changes of SNAP25 in the plasma membrane can not be ex-
plained by distortions in the imaging process, it is rather likely a consequence of
a tighter packing and decreased epitope accessibility. So we assume that the GFP-
SNAP25 signal decreases because SNAP25-crowds are recruited towards syntaxin-

clusters.
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FIGURE 6.1: Schematic model of the mesoscale re-organization of SNAP25-
crowds via Syntaxin 1A-clusters. Left side: In this study, GFP-SNAP25 is labeled
with an «GFP-nanobody coupled to ATTO647, whereas Syntaxin 1A (and Stx-
full/Stx-AS) is labeled with a conventional antibody (xHPC-1) coupled to AF594
(sizes not to scale). Right side: Integrating the results from this study with previ-
ous literature, we propose the following model: Syntaxin 1A molecules are able to
form tightly packed clusters on their own, resembling a bunch of flowers. (GFP-
)SNAP25 molecules exist either as an unbound or bound crowd. In an unbound
crowd, every GFP-SNAP25 can be detected with a nanobody, due to loosely pack-
ing and the existence of endogenous, untagged SNAP25. Here, GFP-self quench-
ing is less likely because the GFP-tags are more spaced out and able to move
freely. This is very different in a bound crowd. In this instance, we assume that
(GFP-)SNAP25 molecules come closer together. SNAP25 ‘s N-terminal motif inter-
acts with syntaxin’s SNARE-motif pulling the SNAP25-crowd towards the clus-
ter. Consequently, some GFP-tags are shielded under syntaxin ‘s rather larger N-
terminal domain which renders them inaccessible for a nanobody. Furthermore,
due to the closer packing of the molecules and being immobilized under the clus-
ter “s roof, we observe self-quenching. One syntaxin-clusters is able to interact with
several SNAP25-crowds, because we can observe that Syntaxin 1A influences a sur-
plus of SNAP25 (Figure 5.9). Dashed part of the membrane illustrates cholesterol
lipid phases. Upon interaction with Syntaxin 1A, SNAP25’s SNARE-motif becomes
alpha helical (black rectangle), prior to that its unstructured (Fasshauer et al., 1997a)
(Figure modified from: Mertins et al., 2021).
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6.3 SNARE-protein ratios of PC12 cells

Since Syntaxin 1A and SNAP25 were overexpressed for most of the experiments
(either alone or together), it was crucial to make sure that we always kept SNAP25
in a surplus especially at the plasma membrane, to not invert the physiological ra-
tio in PC12 cells.

First, we determined the overall endogenous and overexpressed protein amount in
whole PC12 cells using western bot analysis (Figure 5.2). Furthermore, we specif-
ically determined the endogenous ratio of Syntaxin 1A and SNAP25 in our PC12
cells (Figure 5.3). To do this, we used a quantitative approach employing GFP-
tagged constructs of both proteins. The GFP-tag can be stained with the same an-
tibody and thus with the same affinity which allows us to calculate a conversion
factor from overexpressed to endogenous protein, to determine the endogenous
protein ratio. At an endogenous level in PC12 whole cells, SNAP25 is around 12-
times more abundant than Syntaxin 1A (we observe a range in ratio in all three
experiments from 9-fold up to 15-fold more SNAP25, single experimental data not
shown here, Figure 5.3). This is on average slightly less than the previously re-
ported value of a 17-fold excess of SNAP25 in PC12 cells (Knowles et al., 2010).
This variety is probably a result of the difference in approach, ours averaging the
ratio in the whole population of cells versus employing quantitative WB.

After conformation of similar trafficking rates of GFP-SNAP25 towards the plasma
membrane in all three conditions (Figure 5.4), we looked directly at the ratio of Syn-
taxin 1A to SNAP25 at the plasma membrane (Figure 5.5). After overexpression of
Stx-myc constructs alone or in combination with GFP-SNAP25, we push the ratio
further towards Syntaxin 1A, still the estimated ratio at the plasma membrane of
Stx1A:SNAP25 is roughly 1:5. Consequently, we would argue that we do not invert
the ratio of Stx1A:SNAP25 in whole cells or at the plasma membrane.

A lower Syntaxin 1A amount seems to be important, because an elevated Syntaxin
1A level impairs the glucose-related insulin release in mouse pancreatic p-cells
(Nagamatsu et al., 1996) and also restricts movement of SNAP25 at the plasma

membrane ().
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Interestingly, this massive surplus of SNAP25 is not reported consistently in all
cell lines. In isolated rat boutons, studies found only 1.3-fold more SNAP25 than
Syntaxin 1A (Wilhelm et al., 2014). Another study used an adipocyte cell line to
determine the ratio of Syntaxin 4 (65 % aa identity with Syntaxin 1A; Bennett et al.,
1993) and SNAP23 (60.5 % homology with SNAP25; expasy homology calculator),
which together are important for insulin-dependent Glut4 translocation. They re-
port a 3-fold excess of SNAP23 over Syntaxin 4 (Hickson et al., 2000). Ratio-values
specifically at the AZ of neurons have not been reported yet, which might be due
to its very small size (200-500 nm in diameter; Stidhof, 2012) making it harder to

investigate.

6.4 Essential anatomy of the Syntaxin 1A-SNAP25 mesoscale

network

The fact that proteins organize into clusters at the plasma membrane is a well
known phenomenon which can be observed in a variety of different membrane
proteins. The term "mesoscale organization" describes the lateral organization of
protein clusters in relation to one another (Saka et al., 2014; Lillemeier et al., 2006).
Research shows that the two SNARE-proteins Syntaxin 1A and SNAP25 are dis-
tributed in-homogeneously in the plasma membrane. Each protein forms a cluster
or crowd (referring to Syntaxin 1A or SNAP25, respectively) on its own. In this
study we observe the already described pronounced Syntaxin 1A-clusters (Sieber
et al., 2007; Knowles et al., 2010; Rickman et al., 2010), while SNAP25 on the other
hand tends to form diffuse crowds which are more widespread on the membrane.
Upon raising the syntaxin-concentration, we observe more clusters which also tend
to be slightly bigger, simultaneously pulling SNAP25 with it, which is noticed in
dimmer crowds and a higher degree of clustering (Figure 5.9). This recruitment
of SNAP25 is facilitated via the full-length SNARE-motif of Syntaxin 1A, because

experiments using the Stx-AS deletion construct did not show the same results.
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We further identified the specific interaction from the perspective of SNAP25, em-
ploying different SNAP25-deletion constructs, deleting either only one or both SNARE-
domains at the same time. By doing this, we could identify that the N-terminal
SNARE-motif of SNAP25 plays a more important role in the interaction with syn-
taxin “s SNARE-motif (Figure 5.13). Deleting the C-terminal SNARE-motif exhibits
no significant effect, yet it still shows a trend towards a lower rfSDM (Figure 5.13 C).
This observation is in accordance with the literature, because SNAP25-constructs
where the N-terminal SNARE-motif was still present, showed decreased diffu-
sion in FRAP-experiments when Syntaxin 1A was present as well (Halemani et al.,
2010). The results presented in this study together with FRAP-data from Halemani
et al., show that the C-terminal SNARE-motif does not interact with syntaxin’s
SNARE-motif in the same way as the N-terminal SNARE-motif does. Interest-
ingly, also the position of the motif within SNAP25 plays a role, because placing
the N-terminal motif at SNAP25 s C-terminus did not slow down the diffusion of
SNAP25 as mentioned before.

The influence of syntaxin-clusters onto SNAP25-crowds is also visible when look-
ing at the maxima size distribution (Figure 5.11). When raising the concentration of
Stx-full in the plasma membrane, we see that syntaxin-cluster sizes rise up around
20 nm (from 60-70nm up to 70-80nm). SNAP25 crowd sizes decrease from 120-
130nm down to 60-70 nm, so almost half in size. This is no bleed-through artefact
(which was also tested once with n=18 sheets, data not shown here), because then
we would expect that this bleed through effect is even more prominent with the
Stx-AS variant which shows several-fold brighter staining intensities, which is not
the case. SNAP25-crowds are rather large (peak at 150-160 nm) when Stx-AS is
present. The signal-to-noise ratio is another important point that should be con-
sidered when talking about maxima sizes. GFP-SNAP25 shows a lower staining
intensity and signal-to-noise ratio than Syntaxin 1A. Smaller and darker crowds
might not be detected which leads to an overestimation of crowd-sizes. Yet if we
overestimate all sizes, this should not influence the overall trend.

Taken together, the data presented here points to the fact that SNARE-SNARE-

interactions are not only involved in driving neuronal exocytosis, but also generally
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organize Syntaxin 1A and SNAP25 on the mesoscale at the plasma membrane.

6.5 What is the internal structure of a Syntaxin 1A-SNAP25

cluster?

The spatial localization and organization of Syntaxin 1A and SNAP25 at the plasma
membrane has been studied employing different high-resolution microscopy tech-
niques in the past.

In our study, we do not observe a complete overlap or mixing of Syntaxin 1A
and SNAP25 in one cluster (Figure 5.10). Yet, we can not decisively conclude the in-
ternal structure, because the resolution of the here used STED-microscope setup is
only ~70nm (calculated PSF for 594 and 647 channels are 67 nm and 66 nm, respec-
tively; see Mertins et al., 2021), which is not enough to resolve single molecules.
From the here presented data, we assume that we might deal with one of the fol-
lowing interaction scenarios:

One possibility would be that only molecules at the border of the entities interact. In single-
molecule localization experiments, the molecule concentration thins out towards the pe-
riphery, both in Syntaxin 1A and SNAP25 entities, which is why Syntaxin 1A-SNAP25
complexes could form in areas of lower packing around the core of syntaxin clusters (Bar-On
et al., 2012). In a simplified view, in this scenario we deal with two syntaxin cluster phases,
a pure cluster core and a cluster-annulus containing heteromeric complexes. However, there
may be no annulus. Instead, the syntaxin-cluster trunk could constitute a tight oligomeric
bundle of alpha-helical SNARE-domains, serving as a binding surface for SNAP25. The
SNARE-domain of SNAP25 could zipper into one of the grooves of the trunk, becoming
alpha-helical as well (Figure 6.1), similar to the SNARE-zippering reaction upon SNARE-
complex assembly (Brunger et al., 2019; Sutton et al., 1998). This model is supported by the
finding that in the above-mentioned FRAP measurement, SNAP25 mobility increases after
introducing helix breakers into the N-terminal SNARE-domain (Halemani et al., 2010).
An alternative scenario would be clustering of binary Syntaxin 1A-SNAP25 complexes, in
other words, there are no longer distinguishable Syntaxin 1A and SNAP25 entities. This

interpretation is challenged by the following arquments. First, microscopic overlap between
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syntaxin clusters and SNAP25 crowds is only partial in the sense that they do not overlap
concentrically (Figure 5.10; see also Halemani et al., 2010). In single molecule imaging
experiments, the majority of SNARE molecules are located in clusters and about half of the
clustered Syntaxin 1A or SNAP25 molecules overlap with the nearest SNAP25 or syntaxin
cluster, respectively (Pertsinidis et al., 2013). Regarding the high abundancy of SNAP25 in
PC12 cells, one may not expect half of the SNAP25 crowds in close proximity to syntaxin
clusters. However, it should be noted that in Pertsinidis et al. mouse hippocampal neurons
were used and that in a similar sample (rat synaptosomes) SNAP25 is only slightly more
abundant than Syntaxin 1A (Wilhelm et al., 2014). Moreover, as Pertsinidis et al. point
out, not all molecules present may be detected, because steric hindrance does not allow bind-
ing of an antibody to every molecule in the cluster (Pertsinidis et al., 2013). Finally, the
large fraction of SNAP25 being close to syntaxin clusters can also be explained by several
SNAP25 crowds gathering around one syntaxin cluster. In any case, analysing overlap be-
tween two types of densely packed molecules is technically limited and provides no definite
answer. For this reason, the following second arqument is more conclusive. SNAP25 ex-
ceeds the concentration of Syntaxin 1A, in the condition Stx-full roughly still about 5-fold
(see Figure 5.9). If clusters would be large oligomers of syntaxin-SNAP25 complexes, in
the condition Stx-full, 80 % of SNAP25 should not respond to Syntaxin 1A overexpres-
sion. The strong effect we observe suggests that only a few molecules from the SNAP25
crowds directly interact with syntaxin clusters. Therefore, SNAP25 and Syntaxin 1A en-
tities may largely preserve their identities, interacting only at their peripheries. However,
under certain conditions the excess of SNAP25 may be just too large to be controlled by
Syntaxin 1A. For instance, in the control of Figure 5.9, in which only SNAP25 is elevated,
the cellular SNAP25:Syntaxin 1A ratio is expected to increase from 20- up to 30-fold (the
10-fold physiological ratio doubles/triples using membrane sheets from the middle expres-
sion range, Figure 5.5). Under this condition, the endogenous Syntaxin 1A is no longer
capable of re-organizing the majority of SNAP25, explaining why SNAP25 is spread all

over the membrane, also in areas lacking any Syntaxin 1A (Figure 5.9 A, upper row). !

1passage in italics taken from: Mertins et al., 2021
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6.6 Functional relevance of SNARE-clustering on the mem-

brane

Given the nature of SNARE-proteins, it is easy to come to the conclusion that clus-
tering of SNARE-proteins might be important for neuronal exocytosis. Yet, the
question remains whether functionally active complexes form inside or outside of
SNARE-clusters.

Clustering of Syntaxin 1A molecules might also be a way to avoid unwanted com-
plexes in the plasma membrane, which have been found to occur in solution when
looking at isolated proteins. Clustering could be a mechanism to reduce the avail-
able Syntaxin 1A binding sites for SNAP25. It might inhibit the formation of the
so-called "dead-end-complex", where one SNAP25 molecule is bound by two Syn-
taxin 1A molecules, as found in experiments using isolated proteins (Fasshauer et
al., 2004). There is no definitive proof for the "dead-end-complex" in native mem-
branes, which might be due to the bulk methods used for investigation or due to
effective prevention of the complex.

Another thought might be that high local concentrations of SNARE-proteins at
the plasma membrane might provide the necessary amount of interaction partners
for the formation of SNARE-complexes needed for fast and constitutive exocyto-
sis. Syntaxin-clusters especially could represent a "storage solution" for molecules
that are being recruited to the place where they are needed. In notion with that,
syntaxin-clusters themselves have been described as very dynamic entities, con-
stantly assembling and dis-assembling or exchanging syntaxin -molecules between
clusters (Barg et al., 2010; Sieber et al., 2007). Syntaxin-clusters present an internal
density gradient, decreasing towards the edge. It has been shown that around a
third of the whole syntaxin-population exists as freely moving, single molecules
(Bar-On et al., 2012; Rickman et al., 2010). Looking at the NM] from Drosophila, we
can find syntaxin molecules also organized in defined clusters, the average clus-
ter size was determined to be slightly larger compared to clusters found in cells.
Upon synaptic activity, Syntaxin 1A clusters in NM]Js decrease in size and single

molecules increase in mobility (Bademosi et al., 2016). The same group also found
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that the anesthetic "propofol" decreases Syntaxin 1A mobility in the membrane
(combined with a decrease in neurotransmitter release) and traps them in nan-
oclusters on the pre-synaptic membrane. Cluster size, cluster number and molecule
density inside the cluster increased significantly (employing single molecule local-
ization in unstimulated PC12 cells). After abolishing the interaction with SNAP25
(by deleting syntaxin ‘s SNARE-motif almost completely), syntaxin "s mobility did
not decrease as before. The requirement for an interaction with SNAP25 suggests
that nanoclusters could be comprised of Syntaxin 1A /SNAP25 heterodimers which
are important for neurotransmitter release (Bademosi et al., 2018).

Regarding the functional aspect, early studies proposed SNARE-clusters as di-
rect sites of vesicle docking and fusion (Lang et al., 2001; Ohara-Imaizumi et al.,
2004). Results from these studies could be interpreted that fusion takes place in
close proximity next to/around a syntaxin-cluster, because the spatial resolution of
resolution-limited microscopy would not have been able to differentiate between
fusion directly at the cluster or next to it. Fusion of vesicles was localized to mem-
brane parts which are enriched in PI(4,5)P2 (Milosevic et al., 2005), which coincides
with syntaxin-clustering (Aoyagi et al., 2005). A more recent study also empha-
sizes syntaxin-clusters as a site of vesicle docking, not vesicle fusion (Gandasi et

al., 2014).

6.7 Possible role of Munc18-1 on the network organization

Most, if not all research regarding the binding of Munc18-1 towards Syntaxin 1A
(whether it is alone in the open or closed confirmation or engaged in a SNARE-
complex) was done using isolated proteins employing biophysical approaches. There
are little studies employing in-situ or in-vivo approaches specifically examining the
binding modes of Munc18-1 towards single or complexed Syntaxin 1A. Regarding
the controversy between results, it is questionable how far we can transfer results
from studies with isolated proteins onto the actual behaviour of Munc18-1 and Syn-
taxin 1A in the densely crowded and highly dynamic environment of the plasma

membrane.
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In this study, we tried to elucidate the effect of recombinant Munc18-1 directly on
plasma membranes sheets of PC12 cells. First, we confirmed that Munc18-1 binds
to Syntaxin 1A. We can show that Munc18-1 locates to the plasma membrane when
syntaxin ‘s SNARE-motif is present. Compared to that, the deletion construct Stx-
AS is not able to facilitate trafficking of Munc18-1 to the plasma membrane (Figure
5.14). Those experiments were done in HepG2 cells, which do not endogenously
express neuronal SNARE-proteins, showing that no other factors are required for
the plasma membrane localization of Munc18-1 than the interaction with Syntaxin
1A. Syntaxin 1A constructs tagged with GFP are able to traffic to the plasma mem-
brane without additional Munc18-1, as shown in experiments in a study from 2017
(Merklinger et al., 2017), in contrary to a previous study that claimed Syntaxin 1A
needs Muncl8-1 for efficient plasma membrane localization in non-neuronal cells
(Rowe et al., 1999).

Establishing the approach to study the influence of recombinant Munc18-1 on the
mesoscale organization of SNARE-proteins, we showed that recombinant Munc18-
1 binds to the plasma membrane with a high affinity in PC12 cells. Upon overex-
pression of Stx-full-myc, adding 0.5 uM recombinant Munc18-1 saturated almost
all of the available Syntaxin 1A binding sites (Figure 5.15). The binding of Munc18-
1 showed a positive correlation with the Stx-full-myc expression level.
Investigating the role of Munc18-1 directly on the mesoscale organization SNARE-
proteins showed no significant change in the lateral distribution of neither Syntaxin
1A nor SNAP25 (Figure 5.16). Admittedly, we observe a tendency of SNAP25 to-
wards decreased ROI intensity and a slightly higher clustering degree (Figure 5.16
C), in combination with a decrease in ROI intensity of endogenous Syntaxin 1A.
As we showed previously in this study, Syntaxin 1A influences the distribution of
SNAP25 (Figure 5.9), thus after a certain point we would also expect changes in
SNAP25 s distribution. Concluding from this, a slight decrease of the ROI inten-
sity of Syntaxin 1A /SNAP25 could point to a regulatory function of Munc18-1. But
especially due to the diffuse nature of the GFP-SNAP25 staining, we might not be
able to pick up on such a small change.

There could also be other reasons why we cannot detect any significant changes of
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Syntaxin 1A /SNAP25 upon increase of Muncl8-1: One possibility might be that
there is actually no change on the mesoscale, but only on the nanoscale. Single
Munc18-1 molecules might form complexes with single Syntaxin 1A molecules at
the periphery of the cluster, where syntaxin-molecules are less clustered (Bar-On et
al., 2012). Syntaxin-molecules (most likely in their closed conformation) bound by
Munc18-1 would exit the cluster, which could be detected as slightly smaller and
darker syntaxin-clusters. One question remains, how many syntaxin-molecules
would need to exit the cluster to result in a nanometer-size change? Different stain-
ing or detection methods need to be utilized to quantify these small changes on the
nanoscale.

Another possibility would be that only upon stimulation of neuronal exocytosis
we could see a change in the mesoscale distribution, dependent on Munc18-1.
Syntaxin-clusters decrease in size upon exocytosis (Bademosi et al., 2016), this might
be due to Muncl18-1 releasing syntaxin-molecules from the periphery to supply
the cell with further reactive Syntaxin 1A/Munc18-1 complexes (theoretically as
the starting point for the SNARE-cycle). In this theory, Munc18-1 would displace
SNAP25 from Syntaxin 1A (Ma et al., 2013). On the other hand, Munc18-1 can
bind to Syntaxin 1A/SNAP25 complexes (Dawidowski et al., 2016), hence a triple
complex consisting of Syntaxin 1A /SNAP25/Muncl8-1 would be established (that
acts as an acceptor for Synaptobrevin; Jakhanwal et al., 2017). Another group em-
ployed live-cell imaging of PC12 cells transfected with Stx-GFP to determined the
requirements of Syntaxin 1A to be recruited into on-granule clusters. Via introduc-
ing different mutations into Syntaxin 1A, they found that mutations that abolished
Stx1A/Muncl8-1 binding in-vitro (A29-258 and AHabc; Yin et al., 2018) also di-
minished inclusion in on-granule clusters. Thus they propose a strong association
between granules, Syntaxin 1A and Munc18-1.

Taken together, if Munc18-1 has any influence on the mesoscale distribution of Syn-
taxin 1A and/or SNAP25, then we are unable to detect these change with the here
used methods, using recombinant Munc18-1 on PC12 membrane sheets visualized

with high-resolution microscopy. Single-molecule fluorescence microscopy in live
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PC12 cells could be an approach to study the mesoscale organization and poten-
tially also dynamics on the plasma membrane of SNARE-proteins. One of the ma-
jor problems for live-cell super-resolution microscopy is the availability of specific
chemical binding probes for the protein of interest (here: Syntaxin 1A, SNAP25
and Munc18-1). Labeling of biomolecules with tags such as SNAP-tag, Halo-tag
or Clip-tag have already been used (Wang et al., 2019), yet we still deal with the
endogenous amount of the protein of interest. Stains for endogenous biomolecules
are commercially only available for cytoskeletal-structures such as actin or tubu-
lin. Until specific probes are available, a moderate overexpression system with
GFP-tagged proteins is the best chance to gain more insight into the mesoscale or-

ganization of SNARE-proteins at the plasma membrane.






99

7 Supplementary information

7.1 Suppl. for 4.1.6.1: Whole analysed range of maxima
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