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Summary

Spatially and temporally controlled release of neurotransmitters, hormones, and neuropeptides is
crucial for proper regulation of physiological processes. On the molecular level, exocytosis of secretory
vesicles is driven by assembly of tetra-helical complexes out of the Soluble N—ethylmaleimide sensitive
factor (NSF) attachment protein receptor (SNARE) motifs of synaptosomal associated protein-25
(SNAP-25), syntaxin-la (Stx), and synaptobrevin-2 (Syb). The formation of membrane-bridging trans-
SNARE complexes putatively brings vesicle and plasma membrane into close apposition against repulsive
forces, thereby allowing for subsequent membrane merger and establishment of a fusion pore. While the
structure of the core of the SNARE complex has been resolved on the atomistic scale, the functional
implications of several structural features of SNARE proteins have remained poorly understood. In
particular, the mechanistic function of the bidentate organization of SNAP-25 is still largely obscure: While
Stx and Syb represent transmembrane proteins that contain a single SNARE motif in their cytosolic domains
(Qa and R; respectively), SNAP-25 comprises two SNARE motifs (Qp and Qc), which are connected by a

60 amino acid-long acylated linker peptide.

In this work, we have investigated the role of this unique SNAP-25 linker domain, which is highly conserved
among all orthologs in vertebrates. Earlier studies have considered the linker as a functionally dispensable
connector, as it lacks a detectable secondary structure and is not required for SNARE-mediated liposome
fusion in vitro. Addressing the idea of an inert linker, we have performed an elaborated structure-function
analysis introducing linker mutants into SNAP-25 knock-out chromaffin cells by means of a viral expression
system. In particular, we tested whether SNAP-25 linker integrity is mechanistically important for secretion
and found that co-expression of two complementing SNAP-25 fragments (each containing an intact SNARE
motif) only reestablished a severely diminished, kinetically distorted secretory response — thus indicating a
mechanistic requirement for a continuous SNAP-25 backbone. Substitution of the whole linker by an
artificial, flexible peptide that was only composed of glycine and serine residues led to a completely
dysfunctional SNAP-25 variant, which even caused a slight dominant-negative effect on secretion when
expressed in wild type (WT) chromaffin cells. Similarly, partial substitution mutants, in which only N- or
C-terminal linker segments was replaced by a flexible G/S peptide, exhibited strong functional deficits in
primed pool maintenance and fusion triggering. As linker substitution mutants exhibited a delayed kinetics
of SNARE assembly in biochemical assays, some of the functional defects might arise from altered SNARE
interactions due to a loss of interaction motifs and/or changed conformational properties of the linker. In
support of this idea, we found that mutation of four bulky hydrophobic residues that were postulated to

mediate the association of the C-terminal linker section with the core complex induced the key phenotypical
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traits of the larger C-terminal substitution mutant, albeit the overall phenotype was less severe. An
incremental exacerbation of the functional deficits could be observed, when the last 9 amino acids of the C-
terminal linker were replaced, supporting the view that C-terminal linker attachment to the core complex is

essential for effective fusion.

Mutations targeting the N-terminal palmitoylation motif also had a strong impact on secretion: substitution
of the acylated cysteine residues tremendously slowed-down release and decreased the size of the readily-
releasable pool. Interestingly, we could exclude the possibility that compromised secretion was indirectly
caused by a mislocalization of non-acylated SNAP-25, as the main functional deficits persisted even after
retargeting mutant SNAP-25 (cysteine deficient) back to the plasma membrane via a secondary, N-terminal
palmitoylation-motif. To investigate whether the acyl anchors of the linker contribute to force transfer from
the assembling core complex onto the plasma membrane, we generated mutants, in which SNARE motif
and linker were mechanically uncoupled by insertion of flexible spacer peptides of different lengths. While
these mutants exhibited a mild fusion triggering phenotype, as would be expected for ineffective molecular
straining of the membrane, spacer insertion in palmitoylation-deficient SNAP-25 also exacerbated defective
triggering, which clearly contradicts the idea of SNARE force transfer. Thus, spatially defined
linker:membrane contacts near the prospective fusion site at C-terminal end of the core complex are of
crucial importance the fusion mechanism, while the mechanical coupling of SNARE complex and linker

palmitoylation motif seem negligible.

In summary, our data uncover a mechanistic requirement for the SNAP-25 linker domain in fast
Ca?*-triggered exocytosis. The SNAP-25 linker primarily serves to functions: [1] it promotes SNARE
complex nucleation and assembly by engaging in core complex interactions. [2] It mediates mechanistically
important membrane interactions that potentially establish a favorable bilayer configuration for membrane
merger. Thus, the linker domain is not just a flexible connector of SNAP-25 SNARE motifs, but itself acts

as a functional component of the fusion machinery.
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Zusammenfassung

Die réaumlich und zeitlich kontrollierte Freisetzung von Neurotransmittern, Hormonen und
Neuropeptiden ist entscheidend fir die ordnungsgeméfle Steuerung physiologischer Prozesse. Auf
molekularer Ebene wird die Exozytose sekretorischer Vesikel durch den Zusammenbau von tetra-helicalen
Komplexen aus den SNARE-Motiven von SNAP-25, Syntaxin-la (Stx) und Synaptobrevin-2 (Syb)
vorangetrieben. Die Bildung von Membran-verbriickenden trans-SNARE-Komplexen bringt Vesikel und
Plasmamembran vermutlich gegen abstoRende Kréfte in enger Anordnung, wodurch eine anschlielende
Membranfusion und die Bildung einer Fusionspore ermdglicht werden. Wahrend die Struktur des Kerns des
SNARE-Komplexes auf atomarer Ebene aufgelost wurde, sind die funktionalen Implikationen
verschiedener Strukturmerkmale von SNARE-Proteinen bisher wenig bekannt. Insbesondere ist die
mechanistische Funktion der zweizahnigen Organisation von SNAP-25 noch weitgehend unklar: Wéhrend
Stx und Syb Transmembranproteine darstellen, die ein einzelnes SNARE-Motiv in ihren zytosolischen
Domanen (Qa bzw. R;) enthalten, umfasst SNAP-25 zwei SNARE Motive (Qb und Qc), die durch ein 60

Aminoséuren langes acyliertes linkerpeptid verbunden sind.

In dieser Arbeit haben wir die Rolle dieser einzigartigen SN25-linkerdoméne untersucht, die bei allen
Orthologen in Wirbeltieren hoch konserviert ist. In friiheren Studien wurde der linker als funktionsfahig
verzichtbarer Konnektor betrachtet, da ihm eine nachweisbare Sekundérstruktur fehlt und er fir die
SNARE-vermittelte Liposomenfusion in vitro nicht erforderlich ist. Um die ldee eines inerten linkers
anzusprechen, haben wir eine ausflhrliche Struktur-Funktions-Analyse durchgefihrt, bei der linker-
Mutanten mittels eines viralen Expressionssystems in SNAP-25 " (KO) - Chromaffinzellen eingefiihrt
werden. Wir untersuchten insbesondere, ob die linkerintegritat fiir die Sekretion mechanistisch wichtig ist,
und stellten fest, dass die co-expression von zwei komplementaren SN25-Fragmenten (die jeweils ein
intaktes SNARE-Motiv enthalten) nur eine stark verminderte, kinetisch verzerrte sekretorische Reaktion
wieder herstellte flr ein durchgehendes SNAP-25-Backbone. Die Substitution des gesamten linkers durch
ein kunstliches, flexibles Peptid, das nur aus Glycin- und Serinresten bestand, flhrte zu einer vollstandig
dysfunktionellen SNAP25-Variante, die bei Expression in WT-Chromaffinzellen sogar einen geringfigig
dominanten negativen Effekt auf die Sekretion ausloste. In dhnlicher Weise zeigten partielle
Substitutionsmutanten, bei denen nur N- oder C-terminale linker-Segmente durch ein flexibles G / S-Peptid
ersetzt wurden, starke funktionale Defizite bei der Aufrechterhaltung und Fusionsauslésung des Primed
Pools. Da linker-Substitutionsmutanten in biochemischen Assays eine verzogerte Kinetik der SNARE-
Assemblierung zeigten, kénnten einige der Funktionsdefekte auf verdnderte SNARE-Wechselwirkungen

aufgrund eines Verlusts von Interaktionsmotiven und / oder gedanderten Konformationseigenschaften des
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linkers zurlickzuflihren sein. Zur Unterstiitzung dieser Idee haben wir herausgefunden, dass die Mutation
von vier sperrigen hydrophoben Resten, die postuliert wurden, um die Assoziation des C-terminalen linker-
Abschnitts mit dem Kernkomplex zu vermitteln, die phanotypischen Schlusselmerkmale der grofieren C-
terminalen Substitutionsmutante induziert, wenn auch insgesamt Der Phénotyp war weniger
schwerwiegend. Eine schrittweise Verschlimmerung der funktionellen Defizite konnte beobachtet werden,
als die letzten 9 Aminosduren des C-terminalen linkers ersetzt wurden. Dies unterstreicht die Ansicht, dass
die Anbindung des C-terminalen linkers an den Kernkomplex fiir eine effektive Fusion unerlasslich ist.

Mutationen, die auf das N-terminale Palmitoylierungsmotiv abzielten, hatten ebenfalls einen starken
Einfluss auf die Sekretion: Die Substitution der acylierten Cysteinreste verlangsamte die Freisetzung enorm
und verringerte die GroRe des schnell freisetzbaren Pools. Interessanterweise konnten wir die Mdglichkeit
ausschlielen, dass die beeintréchtigte Sekretion indirekt durch eine Fehllokalisierung von nicht acyliertem
SNAP-25 verursacht wurde, da die Hauptfunktionsdefizite auch nach dem Retargeting von mutiertem
SNAP-25 (ber eine sekundare N-terminale Palmitoylierung zur Plasmamembran bestehen blieben -Motiv.
Um zu untersuchen, ob die Acylanker des linkers zur Kraftiibertragung vom Assemblierungskernkomplex
auf die Plasmamembran beitragen, wurden Mutanten generiert, bei denen SNARE-Motiv und linker durch
Einfugen von flexiblen Spacerpeptiden unterschiedlicher Ldnge mechanisch entkoppelt wurden. Wahrend
diese Mutanten einen milden fusionsauslésenden Phanotyp zeigten, wie dies bei einer ineffektiven
molekularen Dehnung der Membran zu erwarten waére, verstarkte die Spacer-Insertion in
palmitoylationsdefizientem SNAP-25 auch das fehlerhafte Triggern, was der ldee der SNARE-
Kraftubertragung eindeutig widerspricht. So ist raumlich definierter linker: Membrankontakte in der Néhe
der voraussichtlichen Fusionsstelle am C-terminalen Ende des Kernkomplexes sind von entscheidender
Bedeutung fiir den Fusionsmechanismus, wahrend die mechanische Kopplung von SNARE-Komplex und

linker-Palmitoylierungsmotiv vernachlassigbar erscheint.

Zusammenfassend zeigen unsere Daten eine mechanistische Anforderung an die SN25-linkerdoméne bei
schneller Ca?*-gesteuerter Exozytose. Der linker dient in erster Linie den Funktionen: [1] Er fordert die
SNARE-Komplex-Nukleation und -Montage durch Einbindung in komplexe Interac-Interaktionen [2] Er
vermittelt mechanistisch wichtige Membranwechselwirkungen, die mdglicherweise eine gunstige
Doppelschichtkonfiguration fiir die Membranfusion ergeben. Die Linkerdoméne ist somit nicht nur ein
flexibler Konnektor von SNAP-25-SNARE-Motiven, sondern fungiert selbst als funktionaler Bestandteil

der Fusionsmaschinerie.
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INTRODUCTION

Introduction

Organisms need to generate proper physiological responses to external and internal stimuli. The
necessary integration of information is accomplished by intricate intercellular signaling pathways, which
transmit information between cells via release of messenger substances. Exocytosis represents a
fundamental cellular mechanism, by which a vesicle or secretory organelle fuses with the plasma membrane
in order to release its molecular cargo into extracellular space. Temporally and spatially regulated exocytosis
is of paramount importance for intercellular communication processes like synaptic transmission and
hormone secretion. Since exocytosis was shown to have a critical role in both physiological and
pathophysiological events, many research groups have focused on this process since its discovery by the

end of the nineteenth century (lvanov, 2014).

1.1 Regulated vs. constitutive exocytosis

Trafficking of vesicles towards the cell surface is an essential process for eukaryotic cells for normal
cell function as well as proper intercellular communication. In fact, two main pathways by which the cell
can transfer certain substances towards the cell membrane or the extracellular matrix. First pathway is the
canonical pathway known as “constitutive” pathway. In this pathway, continuous vesicle supply from the
Trans-Golgi Network (TGN) takes place towards the plasma membrane. The constitutive pathway is used
by all cells mainly to insert new cell membrane patches, lipids, extracellular molecules and glycoproteins
to the cell surface. However, these pathways can be used to secrete extracellular molecules such as
glycoproteins, lipids, and antibodies (Alberts et al., 2015; Wilson and Hunt, 2015). Regulated exocytosis is
the other pathway by which cells can release certain cargo stored in vesicles to the extracellular milieu.
Regulated exocytosis is a tightly regulated way to release cargo that only takes place under certain
circumstances. It takes place in secretory cells such as neurons, neuroendocrine or exocrine cells. Regulated
exocytosis starts when a cell is activated either chemically, mechanically or electrically. This activation
would eventually lead to raise in the intracellular calcium which in turn will cause cascade of events that
finally leads to the fusion of the vesicle membrane with the plasma membrane releasing the vesicle’s cargo

to the outside of the cell.
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1.2 Vesicle pools, docking, and priming

To study this highly regulated cellular process of exocytosis, Erwin Neher and Thomas Voets
pioneered the field of understanding different pools of vesicles in chromaffin cells. They were able to
describe and analyze different types of vesicles pools. Since spatial distribution of calcium inside a
chromaffin cell is not homogenous, this would result in different release probabilities of the large dense core
vesicles according to their proximity to the calcium channels. To circumvent this factor, Voets and
colleagues developed a technique by which, calcium ions could be homogenously distributed across the
cell. The calcium is chelated using the chelator NP-EGTA (Voets, 2000; Voets et al., 1999). The chelated
calcium is then introduced inside the cell in an intracellular solution (ICS) through a patch pipette. After
ensuring homogenous spatial distribution of the pipette solution (intracellular solution) across the cell, the
calcium was then uncaged using a strong UV-flash light, and exocytosis was measured as the increase in
the total cell capacitance via the stimulating/recording electrode. Fura dyes were also introduced within the
intracellular solution in order to estimate the

calcium concentration inside the cell before
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However, they were only able to induce the slow phase under high frequency stimulation and failed to see
it under low frequency depolarizations. Interestingly, when the duration of the low frequency stimulus was
prolonged from 10 ms to 100 ms. Subsequently, they switched from depolarization to stimulation via
calcium uncaging where increased global calcium in a chromaffin cell resulted in three distinct pools of
vesicles. Fitting the capacitance trace (ACw) was best achieved using a triple exponential function. The three
pools were named the readily releasable pool (RRP), the slowly releasable pool (SRP) and sustained release
(SR) with time constants of 27, 290, and 5600 ms, respectively (Figure 1B). Both the RRP and SRP were
collectively named “the exocytotic burst”. It was found that with a stronger pre-flash stimulus, the exocytotic
burst was decreased without affecting the slow (sustained) component. Similar experiments were performed
a year later using mouse instead of bovine adrenal chromaffin cells and it yielded very similar results
showing consistency of the release pools and kinetics across different organisms (Voets, 2000; Voets et al.,
1999). The sustained component is known to arise from docking and priming (terms that will be explained
later) of the unprimed pool (UPP). This UPP was estimated to be situated nearly 200 nm away from the
plasma membrane (Figure 2). The UPP is replenished through a major pool of vesicles in a chromaffin cell;
named as Depot pool (DP). DP represents the group of vesicles >200 nm away from the plasma membrane
(Becherer and Rettig, 2006). The three vesicle pools were then represented in an equation with triple

exponential components representing RRP, SRP, and the sustained release rate) as follows:
Cuig = Ao + Arre (L - 7TRRP) + Agrp (1 - €VTRP) + Agg (L-VTR)

Where Cwy is the capacitance of the cell at a given point (after 5 s of calcium uncaging), and Ao is the
capacitance of the cell before stimulation. Arre is the RRP value, Asrp is the SRP value and the third

component is calculated as a rate of release (i.e. fF per second).
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Figure 2 SNAREs and SNARE regulatory proteins involved in regulated exocytosis.

The depot pool (DP) is group of vesicles that are mature, filled with transmitter but far from the plasma membrane.
From the DP comes a group of unprimed vesicles called unprimed pool (UPP) that approach the plasma membrane in
a process called docking. Mammalian uncoordinated (Munc) -18 helps stabilize the docked vesicles by reducing the
backward rate k—0. Priming is the transfer of vesicles from the UPP to the slowly releasable pool (SRP) due to “half
zippering” of the SNARE complex from the individual SNAREs SNAP-25, syntaxin, and synaptobrevin. Munc13 is
a priming factor that enhances the forward rate k1. The equilibrium between SRP and RRP could be controlled by
complexin, Calcium-dependent secretion activator (CAPS) and other proteins, which decrease the k-2 rate.
Synaptoagmin initiates the vesicle merging with the membrane upon binding to Ca?*. Adapted from (Becherer and
Rettig, 2006).

1.3 SNAREs as core components of the membrane fusion machinery

Soluble N-ethylmaleimide sensitive factor attachment protein receptors (SNAREs) form a large
protein family, whose members are primarily characterized by 60-70aa long, a-helical segments that are
referred to as SNARE motifs (Jahn and Scheller, 2006; Kloepper et al., 2007; Weimbs et al., 1997). Four of
these SNARE motifs can interact with each other and assemble into a helix bundle with parallel orientation,
which is primarily stabilized by internal hydrophobic interactions (Poirier et al., 1998; Sutton et al., 1998).
Structural studies have shown that the four interacting amphiphatic helices are aligned in a way that the
side-chains at the core of the rode-like SNARE complex face each other in 15 hydrophobic interaction layers
(Fasshauer et al., 1998b). According to the crystal structure, the fully-formed SNARE complex is around
12 nm long (Sutton et al., 1998) with hydrophobic layers numbered from -7 to + 8. Interestingly, the central
“0”-layer accommodates conserved polar residues - one arginine and three glutamine residues. The identity

of theses amino acids in the different SNARE motifs has led to the classification of “R” and “Q”-type
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SNAREs (Jahn and Scheller, 2006). There are more than 60 identified members of the SNARE superfamily
in mammals and more than 20 members in the yeast (Karp, 2013). Based on the homology of SNARE motifs
four major subgroups can be distinguished: Qs Qb, Qc, and R (Fasshauer et al., 1999). While SNARE
complexes typically contain a single member of each subgroup, there is substantial promiscuity with respect
to the possible combinations of cognate SNARES that can successfully engage in complex formation in vitro
(Fasshauer et al., 1999; Pabst et al., 2002).

While prototypical SNARESs represent regular transmembrane proteins carrying only a singular SNARE
motif, Qp and Q. motif-containing SNARES have evolutionary fused and formed an additional group of the
so-called Qunc SNARES (Fasshauer et al., 1999). This is particularly evident when considering that the yeast
homologs of the mammalian Qu.-SNARE synaptosome associated protein (SNAP)-25: sec9 and Spo20 are
plasma membrane-localized, separate Qu- and Q.-SNARES, that serve core functions in yeast sporulation
(Fukuda et al., 2000; Weimbs et al., 1997) , while the related SNARE motifs in SNAP-25 are interconnected
by a linker domain in tandem-like organization (Figure 7). Though Qn. SNAREs generally lack a
transmembrane domain, several isoforms associate with membranes via side-chain modifications. In
particular, the Qoc SNAREs SNAP-25 and SNAP-23 contain clusters of cysteine residues within the linker
domain that allow for acylation and effective membrane anchorage (Bark and Wilson, 1994; Shukla et al.,
2001).

The formation of SNARE complexes between lipid bilayers has been implicated in membrane fusion
processes and likely represents the most prominent mechanism for physiological fusion of cellular
organelles (Jahn and Sudhof, 1999; Sollner et al., 1993a; Sollner et al., 1993b). It is well established that
SNARE proteins exhibit a specific subcellular distribution, with complex-forming sets of SNARES residing
on membranes of different cellular compartments (Chen and Scheller, 2001). For regulated exocytosis, i.e.
the Ca?*-dependent fusion of secretory organelles with the plasma membrane, the predominant set of
SNARE proteins in vertebrates consists of synaptobrevin-2 (R), syntaxin-1 (Qa), and SNAP-25 (Quc).
Indicating the direction of exocytosis, SNAREs are commonly subdivided in vesicular (v)-SNAREs and
target (t)-SNARESs on the plasma membrane (Rothman, 1994; Sollner et al., 1993b). As the first t-SNARE,
SNAP-25 was identified in neurons in 1989 (Oyler et al., 1989), while the second t-SNARE syntaxin (Stx)
was discovered in the lab of Richard Scheller in 1992 (Bennett et al., 1992). The v-SNARE was named
vesicular-associated integral membrane protein (VAMP)-2 or synaptobrevin-2 (Syb) and was first described
in 1988 (Trimble et al., 1988). Orthologs of these SNARE proteins were also discovered in yeast cells and

were shown to participate in the yeast secretory pathway (Novick et al., 1980).

The central role of SNARE proteins in exocytosis has been established by a wealth of experimental

evidence, including knockout mouse models (Bronk et al., 2007; Schoch et al., 2001; Sharma et al., 2012),
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antibody infusion (Xu et al., 1999), reconstitution experiments, and neurotoxin-mediated proteolytic
degradation (Binz et al., 1994; Blasi et al., 1993; Schiavo et al., 1993; Yamasaki et al., 1994). According to
the most popular mechanistic scenario, the forming SNARE complex is envisioned as a molecular motor
that forces lipid bilayers into close apposition, thereby enabling membrane merger and the formation of a
fusion pore (Hanson et al., 1997; Jahn et al., 2003). The free energy to overcome membrane repulsion is
putatively generated by formation of the thermodynamically stable tetrahelical SNARE assembly, which
needs to be actively disassembled under ATP consumption by the ATPAse N-ethylmaleimide sensitive
factor (NSF) after fusion (Brunger et al., 2009; Jahn and Scheller, 2006; Rizo and Sudhof, 2002; Sudhof
and Rizo, 2011). The free energy production of SNARE complex formation has been estimated by
calorimetry (Pabst et al., 2002; Wiederhold and Fasshauer, 2009) and force microscopy (Montana et al.,
2008, 2009), yielding values in the range of 40 kgT (ks = Boltzmann constant, and T = Temperature) .
Theoretical considerations of bilayer fusion at distance of about 1 nm (same distance experimentally
observed during stalk formation) have pointed to an energy demand in the same range (~30 kgT) for the
establishment of a fusion pore , indicating that formation of a single or a few SNARE complexes might be
sufficient to successfully induce membrane merger (Mohrmann and Sorensen, 2012; Zhang et al., 2016). In
line with this, experimental data confirmed that the minimum SNARE stoichiometry for fast efficient
secretion requires 2-3 SNARE complexes (Mohrmann et al., 2010; Shi et al., 2012; Sinha et al., 2011).

SNARE four-helix bundle \(

SNAP-25\_

Synaptobrevin

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8
Syx EIETRHSEIIKLENSIRELHDMFMDMAMLVESQGEMIDRIEYNVEHAVDYVERAVSDTKKAVKYQ
SN1 LADESLESTRRMLOLVEESKDAGIRTLVMLDEQGEQLDRVEEGMNHINQDMKEAEKNLKDLGKCC
SN2 RENEMDENLEQVSGIIGNLRHMALDMGNEIDTQNRQIDRIMEKADSNKTRIDEANQRATKMLGSG
Syb PNLTSNRRLOQTQAQVDEVVDIMRVNVDKVLERDOQKLSELDDRADALQAGASQFETSAAKLKRKY

Figure 3 Layers of the SNARE complex.

Top: predicted helices from the crystal structure shown as SNAP-25 (green), syntaxin (yellow), and Synaptobrevin-
2 (blue). Bottom: aligned sequences of different SNARE proteins and different layers ranging from -7 to + 8. Adapted
from (Weber et al., 2010).
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The actual folding pathway, by which the four SNARE motifs assemble into a complex, has not been
completely elucidated. Mutational studies in chromaffin cells have delivered strong evidence that SNARE
assembly involves different intermediates, as mutations that target different hydrophobic layers induce
distinctive phenotypes (Sorensen et al., 2006; Walter et al., 2010; Weber et al., 2010; Weber et al., 2014).
While the previous models suggested a lipidic fusion pore, another model was proposed suggesting a parallel
organization of the transmembrane domains (TMDs) forming a fusion pore of proteinacious nature (Jackson,
2010). Generally, N-terminal layer mutations in the SNARE motifs do not cause severe secretion deficits,
while central mutations seem to impair priming, and C-terminal mutations primarily affect fusion triggering.
These findings suggest that the complex likely forms in a progressive fashion from N- to C-terminus
involving functionally divergent stages (Pobbati et al., 2006). In line with this idea, biochemical experiments
using different SNARE fragments also indicated that the N-terminal region of the complex is first formed,
while C-terminal assembly correlates with the final stages of membrane fusion (Fasshauer and Margittai,
2004). SNARE complex assembly and disassembly profiles measured by force microscopy further indicated
the existence of metastable assembly states, in which SNARE motifs were only partially assembled (Gao et
al., 2012; Kyoung et al., 2011). However, when purified SNARESs were mixed in solution (Fasshauer et al.,
1999) or used for liposome fusion assays (Weber et al., 1998), SNARE motifs are constitutively active, and
no assembly intermediates could be identified. Thus, it appears likely that additional accessory factors retain

the SNARE complex in a partly-assembled prefusion state in order to prevent premature secretion.

1.3.1 v-SNARE:s in secretory cells and neurons

In neurons and neuroendocrine cells of mammals, four different Syb/VAMP isoforms (Syb-1, 2, 7,
and 8) have been identified (Ren et al., 2007; Schoch et al., 2001; Sudhof et al., 1989; Trimble et al., 1990).
The VAMP2 isoform is involved in synaptic (SV) release in neurons (Baumert et al., 1989; Trimble et al.,
1988), insulin secretion from B-cells of the pancreas, release of zymogen granules from pancreatic acinar
cell, and catecholamine secretion from adrenal chromaffin cells (Gaisano et al., 1994; Misonou et al., 1997).
VAMP?2 is sensitive to botulinum neurotoxin (serotypes B, D, F and G) while VAMPL, its closest isoform,
as well as VAMPS8 are neurotoxin insensitive (Pitzurra et al., 1996; Rossetto et al., 1996) (refer to Figure
4).

VAMP7, another toxin insensitive variant, is present at the apical membrane of epithelial cells and it is
mainly involved in constitutive exocytosis (Galli et al., 1998). VAMPS8, also named endobrevin, localizes
with transferrin receptors at early endosomal compartments. In adrenal chromaffin cells, cellubrevin, also
known as VAMP3, was shown to be functionally redundant to VAMP2 (McMahon et al., 1993). On the

other hand, cellubrevin and synaptobrevin were showed to be located differently to either synaptic vesicles
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(Syb) or dense core vesicles (cellubrevin) having two distinct functions in the modulation of synaptic

transmission in astrocytes (Schwarz et al., 2017).

All of these VAMP isoforms are about 120
amino acids in size and constitute type 11
membrane proteins. The isoforms are
comprised of an N-terminal region of 25-
35 amino acids, the SNARE motif, a short
juxta-membrane segment, the TMD, and a
very short luminal motif. While the
cytosolic section of isolated Syb-2 has
been considered largely unstructured
(Fasshauer and Margittai, 2004), recent
work on the membrane-embedded protein
suggested the presence of two folded
helical regions, one within the SNARE
motif and another at the transition to the
juxta-membrane domain (Ellena et al.,
2009). The TMD is located at the carboxyl
end, localizing the protein to synaptic
vesicles or large dense core vesicles
(Gerst, 1997; Grote et al., 1995; Regazzi
et al., 1996).

In yeast, Sncl and Snc2 are the two Syb

-
e TeNT  BoNT/D BoNT/F 5,
. BoNT/G BoNT/B ~ f

Figure 4 Neurotoxins cleavage sites in different SNARE
proteins.

Cartoon showing susceptibility of different SNAREs to different
tetanus as well as botulinum neurotoxins. While BoNT/A and E are
the main effectors on SNAP-25 (two green helices connected by an
orange linker), BoNT/C acts on Stx and BoNT/B, D, F, and G act on
different sites in Syb (blue). Adapted from (Sutton et al., 1998).

homologs that are found in two types of secretory vesicles in yeast aiding in delivery of new lipids, enzymes

and membrane proteins constitutively towards the plasma membrane (Gerst et al., 1992). These v-SNARES

were also shown to interact with their v-SNARE homologs Sec9, a SNAP-25 homolog, and SSol and SSo2

(Stx homologs) to form a ternary SNARE complex (Rossi et al., 1997). In principle, the Syb family is

structurally as well functionally conserved during evolution.
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1.3.2 t-SNAREs

1.3.2.1 Syntaxin isoforms in neuroendocrine cells and neurons

In mammals, there are at least 16
different members of the Stx family, thus
representing the largest group of SNARE
proteins. Stx-1A and Stx-1B are the main
isoforms  expressed in  neurons and
neuroendocrine cells (Bennett et al., 1993).
Stx is an integral protein inserted in the plasma
membrane via its TMD (Bennett et al., 1992;
Bennett et al., 1993; Inoue et al., 1992) as
shown in Figure 4. Structurally, Stx consists of
3 coiled-coil helices named H1, H2, and H3 as
well as a TMD (Bennett et al., 1992). “H3” is
the SNARE motif, by which Stx contributes to
the SNARE complex (Kee et al., 1995) (Figure
5A, B). The H1 and H2 helices are believed to
be intramolecular regulators of the Stx activity
through inhibiting the H3 domain from
binding to SNAREs (Nicholson et al., 1998).
Stx function is orchestrated by a major
accessory protein named Munc-18. Munc-18
is one of the members of the Secl/Munc-18-
like SM family of proteins known for their
important role in intracellular membrane
trafficking (Carr and Rizo, 2010). Munc-18 is
crucial for the Stx function. Munc-18 strongly
binds to the closed form of Stx (at its N-

A

closed

Habc

Syntaxin H3/Haec

Figure 5 Schematic figure of Stxla-Munc18 complex.
(a) Different motifs of Stx either in the closed (left) or the open
(right) conformation (b) Crystal structure of the syntaxin
1la/Munc18-1 complex. Adapted from Dawidowski and Cafiso
(2013).

peptide region) through its arch-shaped cavity (Dulubova et al., 1999; Misura et al., 2000). This

conformation not only hinders SNARE assembly and stops uncontrolled exocytosis but also helps in the

stability of both proteins (Burkhardt et al., 2008). With the aid of another accessory protein, named Munc-

13, conformational change of Munc-18:Syntaxin complex occurs to render the Stx in the open conformation,

allowing other SNARE proteins to bind the complex and promote fusion (Ma et al., 2011).
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Stx-1A is sensitive to botulinium neurotoxin C (BoNT/C) evidenced by completel abolishment of insulin
release from secretory granules in 3-cells upon application of BoNT/C (Figure 4) (Land et al., 1997). Stx-2
and 3 were present in polarized epithelial cells specifically localized to the apical membrane (Delgrossi et
al., 1997; Fujita et al., 1998), while Stx-4 was found to localize at the apical membrane of the renal collecting
duct cells (Mandon et al., 1996). Other Stx family members are possibly playing role in the early stages of
the secretory pathway such as endoplasmic reticulum (ER)-Golgi transport, or endosomal transport
(Prekeris et al., 1999).

Ssol and Sso2 are the two main Stx homologs in yeast. Knocking out both genes expressing these homologs
completely blocked the secretory pathway, confirming the same function observed in mammals (Aalto et
al., 1993). Another Stx-1 homolog was observed in C. elegans (the gene is encoded by the unc-64 locus)
(Saifee et al., 1998). The null mutant of Stx-1 is paralyzed and the hypomorphic mutants possess behavioral
defects and changed mode of neurotransmitter secretion. A Stx-1A homolog, denoted as Dsyntl, is also
expressed also in drosophila and is targeted to axons and synapses of the central nervous system (Broadie
etal., 1995; Cerezo et al., 1995). Loss of function mutations yielded lethal drosophila embryos. Spontaneous
neurotransmitter release as well as evoked response was completely abolished when measured using
electrophysiological recordings (Schulze et al., 1995). Moreover, Stx-1A is required at the blastoderm stage
of development of the drosophila embryos (Burgess et al., 1997). Thus, Stx is crucial not only for synaptic

transmission, but also for ensuring proper development.
1.3.3 Qnc-SNARES and exocytosis

1.3.3.1 Quc-SNARES in neurosecretory cells and neurons

The primary Que-SNARES involved in secretion are SNAP-25 and SNAP-23; with SNAP-25 being
the main isoform in neurons (Delgado-Martinez et al., 2007; Hess et al., 1992). SNAP-25 exists in two
splice variants, denoted a and b. The primary sequence of SNAP-25 a and b is completely conserved between
the orthologs of human, mouse and chicken (Bark and Wilson, 1994; Qyler et al., 1989). In dissected brains
of mice and chicken, SNAP-25a is highly expressed during embryonic stage while SNAP-25b levels
dramatically increased during postnatal life (Bark et al., 1995; Bark and Wilson, 1994). The same was also

shown to occur in different brain regions in humans (Prescott and Chamberlain, 2011).

SNAP-25b was shown to mediate generally higher secretory response to the same stimulus than SNAP-25a,
as shown by expression of both isoforms in SNAP-25 knock-out (SNAP-257) mouse adrenal chromaffin
cells (Nagy et al., 2005). The primary sequence of the splice isoforms differ in 9 amino acid positions, 4 at

the linker region and 5 at the first SNARE motif (denoted Q, or SN1). The increase in secretion observed
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with SNAP-25b was attributed to the two amino acids Q66, K69 (H66 and Q69 for SNAP-25a isoform;
respectively) (Nagy et al., 2005). SNAP-23 is a constitutively expressed Qn.-SNARE that shares around
60% sequence identity with SNAP-25(Nagy et al., 2008). It is expressed in neuronal as well as non-neuronal
cells, where it functions in constitutive and regulated exocytosis (Guo et al., 1998; Leung et al., 1998;
Ravichandran et al., 1996). While SNAP-23 is sufficient to drive insulin secretion in BoNT/E-treated
pancreatic B cell line (HIT) (Sadoul et al., 1995), SNAP-23 failed to functionally substitute for SNAP-25
in mouse adrenal chromaffin cells, as over-expression of SNAP-23 in mouse adrenal SNAP-25" cells did
not restore the exocytotic burst and had a dominant negative effect when over-expressed in WT cells
(Sorensen et al., 2003). Later experiments indicated that the limitation of SNAP-23-mediated secretion is
caused by a sequence variation in the C-terminal linker segment, but not due to difference in SNARE motifs
(Nagy et al., 2008). Currently, no specific function could be attributed to the corresponding SN25 linker
motif (V**VDEREQMAI*®), which lacks any particular secondary structure.

A classic SNAP-257" mouse model was generated byWashbourne et al. (2002), targeting exons 5a and 5b
that would normally undergo alternative splicing. SNAP-25 deficient mice exhibit late embryonic lethality
but appear largely morphologically normal at embryonic days 17.5-18.5 (E17.5-18.5). As most obvious
phenotypical traits, homozygous null mutants develop a dorsal hunch and show neither spontaneous
movements nor sensory motor reflexes, when mechanically stimulated. Heterozygous SNAP-25*" animals
were functionally and morphologically indistinguishable from the WT mice, albeit protein expression is
roughly halved in comparison to WT mice in Western Blots. A functional characterization of the null
mutants demonstrated that genetic ablation of SNAP-25 results in dysfunctional transmission at the
neuromuscular junction (Washbourne et al., 2002), diminished secretion of catecholamines from adrenal
chromaffin cells (Sorensen et al., 2003), and abolished synaptic transmission at central synapses (Delgado-
Martinez et al., 2007). Noteworthy, SNAP-257" neurons show a strongly reduced survival in culture, with
residual neurons exhibiting decreased dendritic arborizations (Delgado-Martinez et al., 2007). These
phenotypes can be differentially rescued by expression of Qn-SNARE isoforms: introducing either
SNAP-25a, SNAP-25b, or SNAP-23 restored neuronal survival, arborization as well as the frequency and
amplitude of spontaneous release in cultured neurons (Delgado-Martinez et al., 2007). However, in cultured
SNAP-25""chromaffin cells, expression of SNAP-23 could not reinstate normal priming of large dense-core
vesicles, while expression of SNAP-25a fully rescued secretion, and expression of SNAP-25b boosted the

secretory response over the wild type level (Sorensen et al., 2003).
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1.3.3.2 Membrane-anchorage of SNAP-25

The N-terminal linker region of several Qu.-SNARES contains a cluster of 4-5 cysteine residues that
can be modified by S-acylation. SNAP-25 isoforms have four cysteine residues (Figure 6) that are
palmitoylated by acyltransferases of the aspartate-histidine-histidine-cysteine (DHHC) family, thereby
ensuring the correct localization of the SNAP-25 at the plasma membrane (Gaisano et al., 1994; Greaves et
al., 2010a; Greaves et al., 2009). Truncated SNAP-25 variants have indicated that about two thirds of the
linker sequence (aa 85-120) are required for efficient acylation and membrane anchorage of the protein
(Greaves et al., 2010b) (Figure 6). It has been speculated that this minimal SNAP-25 fragment can
transiently localize to the plasma membrane, thus allowing for interaction with membrane-associated
DHHC acyltransferases and thereby facilitating membrane anchorage. In line with this idea, it has recently
been proposed that electrostatic anchoring of SNAP-25 by positively charged residues around the cysteine
cluster precedes the acylation step (Weber et al., 2017). Though interactions of SNAP-25 with other t-
SNARE proteins are not absolutely necessary for palmitoylation, as facilitating effect of Stx-1A on
SNAP-25 has been proposed (Gonelle-Gispert et al., 2000).

o L=
cc c:C ARVVDEREQMAISGGFIRRVTNDARENE

Palmitoylation Motif

Figure 6 Structure of the SNAP-25 a isoform.

Cartoon showing the tandem sequence of the SNAP-25 a isoform; dark green is the first SNARE motif (Qb or SN1),
light green is the second SNARE motif (Q. or SN2) spaced by a 60 amino acid linker comprising the motif needed for
DHHC acyltransferase recognition (highlighted in red). The figure was kindly provided by Prof. Ralf Mohrmann.

The presence of all cysteine residues seems to be critical for the correct localization of SNAP-25, as
mutation of only a single cysteine already significantly impacts membrane anchorage (Washbourne et al.,
2001). A complete cysteine deficient mutant showed more than 90% loss of membrane anchorage (Nagy et
al., 2008). While the specific acylation pattern of the four cysteine residues is still unclear, there is evidence
suggesting that not all residues are indeed S-acylated in the naive protein (Foley et al., 2012; Veit et al.,
1996). The positioning of cysteines is slightly altered in SNAP-25b in comparison to isoform a, but this

alteration seems to be inconsequential for the function (Nagy et al., 2005).

Membrane-bound SNAP-25 has been proposed to partially (20%) localize in lipid rafts (Chamberlain et al.,

2001; Garcia-Martinez et al., 2015), but the functional implication of its presence within the cholesterol-
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rich patches is not clear. SNAP-25 forms clusters on the plasma membrane (Zhao et al., 2013), and the
clustered distribution pattern of SNAP-25 has been shown to depend on the presence of cholesterol (Lang
etal., 2001). Interestingly, it has been demonstrated that SNAP-23, a Qu-SNARE, with 5 potential acylation
positions is even more tightly associated with lipid rafts than SNAP-25, suggesting that the extent of
acylation determines the specific localization within lipid environments (Salaun et al., 2005). Given a
negative correlation between raft-association and secretion, it has been speculated that only SNAP-25 at the
borders of lipid rafts might actively engage in vesicle fusion (Salaun et al., 2005). Thus, SNAP-25 acylation

and available lipid domains could spatially define release sites.

Depending on the experimental system and expression level, elimination of the cysteine residues in
SNAP-25 mutants has been reported to affect secretion to different extents: In some models systems no
secretion could be detected (Washbourne et al., 2001), while in others the size of secretory responses largely
persisted, but release kinetics were dramatically slowed down (Nagy et al., 2008). Moreover, amperometric
recordings in SNAP-257 chromaffin cells that express acylation-deficient variants also displayed a
decelerated transmitter discharge due to a prolonged life-time of the initial fusion pore state (Nagy et al.,

2008). Thus, SN25-mediated membrane contacts are involved in fusion pore evolution.

1.3.3.3 SNAP-25 associated diseases Intracellular Membrane Plasma Membrane

On the pathophysiological level, several

neuropsychiatric diseases are associated Two light ' coilrt])?id'
with mutations in SNARE proteins. A single Chains ' light chain
nucleotide polymorphism (rs363043) in the h(fa)i/r;[?:)ﬁgin

SNAP-25 intron 1 region has been linked to / \

hyperactivity in patients with autism

(Guerini et al., 2014). In schizophrenic

patients, it was reported that the ventral Figure 7 proposed model for intracellular arrangement

caudate expressed in total 30% less of t-SNAREs.
The plasma membrane t-SNARE is composed of one syntaxin
heavy chain, which contributes one a-helix, and one combined
strong link between the incidence of light chain, SNAF’—25, which contributes two a-helices. In
comparison, most intracellular t-SNAREs are composed of one
schizophrenia and expression of SNAP-25 syntaxin heavy chain and two associated light chains. In the case
L . - . . of vacuolar homotypic fusion, Vacuolar morphogenesis protein
(mainly isoform a) in a specific brain region (\VVam) 3 functions as a syntaxin heavy chain, and Vesicle Transport
(Barakauskas et al., 2016). Moreover, through t-SNARE Interaction (Vti)1 and soluble Vam7 act as two
light chains. In contrast to Vam?7, most light chains are probably
SNAP-25 single nucleotide polymorphisms integral membrane proteins. Adapted from Fukuda et al. (2000).

were also linked to attention deficit

SNAP-25 compared to controls, indicating a

hyperactivity disorder when tested in Chinese subjects (Zhang et al., 2011). Interestingly, increased amounts
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of SNAP-25 fragments were detected0 in cerebrospinal fluid in Alzheimer’s disease patients by mass
spectrometry, possibly even serving as a marker for the disease at the very early stages (Brinkmalm et al.,
2014). Reduced levels of SNAP-25 in SNAP-25"" mice were also associated with moderate
hyper-excitability, higher sensitivity to kainate induced seizures and problems in the learning and memory
processes (Corradini et al., 2014). The spontaneous mutation 1°’T was reported to cause ataxia as well as
distorted sensory motor gating in “blind-drunk” mutant mice (Jeans et al., 2007). Thus, understanding the
full function of SNAP-25 protein would help in developing new therapies for the neuropsychiatric disorders.

1.3.4 SNARE accessory proteins

Although SNARE proteins can efficiently drive liposome fusion in the absence of other factors in
reduced model systems (Schuette et al., 2004; Tucker et al., 2004), regulatory proteins are crucial for
exocytosis in neurons and neuroendocrine systems (Gerst, 1999). These regulatory proteins perform wide
range of functions in the secretory pathways. Some regulatory proteins and their roles in exocytosis will be
highlighted:

As regulated exocytosis is a well controlled process based on a Ca?*-stimulus to trigger secretion, a large
protein family called synaptotagmin (Syt) were discovered to be the primary calcium sensors in different
secretory systems. Seventeen members of the synaptotagmin family have been identified, of which several
of them undergo alternative splicing yielding different splice variants. Different synaptotagmin isoforms are
expressed in neurons as well as cells (Mizuta et al., 1994; Perin et al., 1991). Synaptotagmin associates
with the vesicular membrane and possess two calcium binding motifs named C2A and C2B domains
(Geppert et al., 1991). These domains are preceded by a-helical coiled coil domain. C2A binds in a calcium
dependent fashion to phospholipids, specifically to the negatively charged head groups. C2B binds to
different inositol polyphosphates; however, with phosphatidyl-inositol-4,5-bisphosphate (PIP.) in a calcium
independent manner and with phosphatidyl-inositol-3,4,5-triphosphate (PIPs) independently (Schiavo et al.,
1996). Syt affinity to Stx significantly increases upon binding of Syt to Ca?* (Chapman et al., 1995).
Additionally, Syt interacts with voltage gated calcium channels regulating their gating properties (Charvin
et al., 1997; Leveque et al., 1994; Petrenko et al., 1991). Another important feature is that Syt can interact
with SNAP-25 via its C2B domain (Schiavo et al., 1997).

In chromaffin cells, the two main isoforms expressed are Syt-1 and Syt-7 (Schonn et al., 2008). Syt-7 can
bind up to seven Ca?*ions, while Syt-1 is able to bind to only five Ca?* ions (Ubach et al., 1998) with Syt-7
showing almost ten folds more sensitivity for calcium in comparison to Syt-1 (Bhalla et al., 2005). These
observations explain why Schonn and his colleagues saw a complete loss of the fast component of released

vesicles upon stimulation in mouse chromaffin cells when Syt-7 isoform was knocked out (Schonn et al.,
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2008). When Syt-1 and Syt-7 were both deleted, the secretion in chromaffin cells was nearly abolished while
a significant amount of secretion was still observed in single knock out mutants with different release
kinetics (Schonn et al., 2008). The PIP, binding domain can also bind SNAREs specifically to Stx and
SNAP-25 (Rickman et al., 2004). Later, Mohrmann and his colleagues found out that this Syt-1:SNAP-25
interaction is crucial for vesicle docking, priming and fusion indicating the importance of the Syt-1 not only
as a calcium sensor at the late stages of fusion but also in pool stability (Mohrmann et al., 2013).

There are many reported accessory proteins that help in vesicles docking, priming, or fusion. Some also act
post fusion to disassemble the SNARE complex. As mentioned previously, NSF/SNAP are other protein
families that use ATP, mainly acting like chaperones to regulate SNAREs and vesicle formation (Fleming
et al., 1998). Ras-associated binding (Rab) proteins are another family of guanosine triphosphatase
(GTPase) proteins that use energy and link vesicles to the cytoskeleton or to other components of the fusion
machinery (Li et al., 1994). Double C2-like domain-containing protein beta (DOC)-2 proteins are thought
to play role in exocytosis as low affinity calcium sensors since they possess a C2 domain that could bind
Ca?" (Orita et al., 1995). Recently, it was shown that DOC2b knock out mouse chromaffin cells have a defect
in secretion. The exocytotic burst was shifted to sustained release in the DOC2b deficient cells indicating a
role of DOC2b in calcium triggered LDCV release in adrenal chromaffin cells (Pinheiro et al., 2013). CAPS
is another cytosolic protein known for its function in priming of SVs in neurons and LDCVs in
neuroendocrine cells (Jockusch et al., 2007; Nguyen Truong et al., 2014). In summary, SNARE mediated
membrane fusion is a very complicated, tightly regulated, and system specific mechanism that uses groups

of proteins to ensure the precise response to a certain defined stimulus.
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Aim of the Work:

Although the importance of membrane-bridging SNARE complexes for exocytosis is very well

established, the exact pathway of complex assembly, the identity of intermediates, and the nature of

SNARE:lipid interactions during membrane merger are still obscure. Interestingly, very little insight has so

far been gained into the preferential usage of structurally specialized Qn.-SNARES in exocytosis. To learn

about the functional implications of the tandem-like structure of Qw.-SNARES, we have investigated

potential mechanistic functions of the “linker” domain, which connects the two SNARE motifs in SNAP-25.

Performing a detailed structure-function analysis, we planned to evaluate several mechanistic ideas about
the role of the SN25 linker:

1.

Is SNAP-25 linker integrity important for the function of SNARE complexes?

Earlier reconstitution studies postulated that complementary SNAP-25 fragments without a physical
connection between both SNARE motifs can mediate secretion as efficient as the wildtype protein
(Chen and Scheller, 2001; Wang et al., 2009) thus objecting the need for a continuous SNAP-25
backbone. However, the used test paradigms only involved assays in cracked/permeabilized,
Botulinum Toxin /E-treated cells, which may have promoted non-canonical transmitter release. As
secretion was only assayed on the population level with little temporal resolution in older work, we
aimed here to evaluate the ability of different combinations of SNAP-25 fragments to reinstate
release in SNAP-257" neurosecretory cells using high-resolution electrophysiological techniques
(membrane capacitance measurements and amperometry) to assay release properties on the level of

single cells.

Does SNAP-25 linker contain mechanistically relevant motifs?

As the linker domain does not exhibit a detectable secondary structure, it has been primarily
considered as an inert connector without specific mechanistic function. That said, a recent
characterization of different SNAP-23/25 chimera pointed out that sequence variations in the C-
terminal linker section may account for functional differences between both isoforms (Nagy et al.,
2008). To explore the possibility that the linker is indeed functionally relevant and contains
mechanistically important motifs for protein and/or lipid interactions, we set out to generate and
functionally characterize a set of novel linker mutants. For this purpose, the whole linker domain or
respective subregions should be substituted by a flexible connector peptide of equal length
comprising only glycine and serine residues. Moreover, we planned to specifically target bulky non-

polar amino acids in the C-terminal linker region that have previously been suspected to associate
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with a hydrophobic groove on the surface of the SNARE complex (Sutton et al., 1998). The
electrophysiological experiments should be complemented by biochemical assay, testing the
SNARE interactions of the generated SNAP-25 mutants.

3. Are linker-mediated lipid interactions critical for the fusion mechanism?
Acylation-deficient SNAP-25 variants have been reported to alter secretion properties (Nagy et al.,
2008), but it has remained unclear to what extent these functional deficits are simply induced by a
mislocalization and decreased plasma membrane expression of the mutant protein. Therefore,
mutant SNAP-25 should be re-targeted to the plasma membrane via an artificial, secondary
palmitolyation motif attached to the N-terminus. If the functional deficits would persist under these
circumstances, it must be assumed that specific linkler:membrane contacts are required during the
final fusion steps. To elucidate whether the observed slow-down of secretion in the presence of non-
acylated SNAP-25 is caused by ineffective force-transduction of the SNARE complex (due to the
loss of the acyl anchors), the effects of spacer insertions between SN1 and the linker acylation site
should be tested, as such modification should mechanically “uncouple” the membrane attachment

site within the linker.

With the proposed experiments, we should be able to collect sufficient evidence to conclude whether and

how the SNAP-25 linker mechanistically supports the fusion machinery.
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Materials and Methods

The used materials were mainly available at the department of Univ.-Prof. Dr. Dieter Bruns and to

lesser extent at the department of Univ.-Prof. Dr. Jens Rettig. The devices were mostly used in Prof. Dieter

Bruns lab, otherwise it is stated.

1.4 Chemicals

Product

Acetic acid

Acrylamide mix (30%)
Albumin

Ammonium persulphate
BAPTA

Cocktail protease inhibitor
DMEM

EDTA

Ethanol

Fura-4F, Pentapotassium Salt
Glycine

HEPES

KCL

Mag-Fura-2, Tetrapotassium Salt
Methanol

Fat-free Milk

Na;HPO,4 x 2H>0

NaCl

NaH:PO. x H.0

Optimem

Company
Roth
Roth
Thermo Fisher
Thermo Fisher
Sigma Aldrich
Thermo Fisher
Linaris Biologische Produkte
Sigma Aldrich
Roth
Thermo Fisher
Merck
Sigma Aldrich
Merck
Thermo Fisher (molecular probes REF M1290)
Roth
Merck
Merck
Merck
Merck

Life Technologies
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Papain extract
Penicillin
PMSF
Ponceau
PVDF

SDS
Streptomycin
TEMED
Tris-Base
Triton-X
Trypsin inhibitor

Tween20

Worthington Biochemical, Lakewood, NJ, USA

Life Technologies
Thermo Fisher
Thermo Fisher
Thermo Fisher
Merck

Life Technologies
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Thermo Fisher
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1.5 Cell culture

1.5.1 Solutions

1.5.1.1 Dulbecco’s Modified Eagle’s Medium (DMEM)

500 pl Penicillin (10000 units/mL) /Streptomycin (10,000 pg/mL) mix was added to 250 ml DMEM
then sterile filtered. Afterwards, 2.5 ml of Insulin-Transferrin-Selenium-Ethanolamine (ITSX)
ITSX was added (i.e. 0.2% Penicillin-Streptomycin and 1% ITSX) and the medium was stored at 4

°C for maximum of two weeks.

1.5.1.2 10X Locke’s solution

1.5 M NaCl

56 mM KClI

8.5 mM NaH:PO4 (anhydrous)

21.5 mM Na;HPO4X (H:0)

100 mM D-Glucose

pH was adjusted to 7.0 and diluted in double distilled water (ddH>O) to 1X to be ready for use.

1.5.1.3 Extracellular solution

145 mM NaCl = 8.474 gm

2.8 mM KCI =2.8 ml (1M KCI)

2 mM CaCl; =2 ml (1M CacCly)

1 mM MgCl; =1 ml (1M MgCly)

10 mM HEPES = 2.383 gm

pH = 7.2 (Using NaOH)

until 2000 ml ddH.O

1 g of D-Glucose was added before adjusting the osmolarity. The osmolarity was raised to roughly

300 mOsm using Mannitol if needed.

1.5.1.4 Intracellular solution

110 mM Cs-glutamate (20 pl in 80 pl total volume)
8 mM NacCl
25 mM HEPES

21



MATERIALS AND METHODS

4 mM CaCl; (13 pl of 25 mM stock solution in 80 pl total volume)

5 mM NP-EGTA (8 pl of 50 mM stock solution in 80 pl total volume)

0.4/0.4 mM Fura-4F/Furaptra (6.4 pl of Fura mixture in 80 pl total volume)
ddH,0 (ad to 80 pl total volume)

0.3/2 MM Na,GTP/MgATP (10 pl of ATP/GTP mixture in 80 ul total volume)
1 mM Ascorbic acid (adjusted pH to 8)

1.5.1.5 Enzyme solution (sterile filtered)

2 mg cysteine aliquot (755/752 sigma)
10 ml DMEM (invitrogen 31966-021)
0.1 ml 100 mM CacCl; (1M CacCl; stock)
0.1 ml 50 mM EDTA

sterile filter

1.5.1.6 Inactivation solution (sterile filtered)

25 mg Albumin (Sigma A-4503)

25 mg Trypsin inhibitor (Sigma T-9253)
10% FCS-DMEM

Sterile filter

1.5.1.7 Chymotrypsin (2 mg/ml) (sterile filtered)

2 mg chymotrypsin
1 ml OptiMEM
Aliquots of 105 pl were stored at -20 °C.

1.5.1.8 Aprotonin (6 mg/ml) (sterile filtered)

6 mg Aprotonin
1 ml OptiMEM
Aliquots of 105 pl were stored at -20 °C.

1519 BSA (6.5% wi/v) (sterile filtered)

13 mg BSA
2 mL OptiMEM
Aliquots of 105 pl were stored at -20 °C.
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1.5.1.10 Homogenization buffer

130 mM NaCl
50 mM HEPES
1 mM EDTA
pH=7.3

Then 5 ml of the buffer were taken and added to them %2 of a pellet of the cocktail protease inhibitors and

50 pl PMSF (100 mM stock) together with 2% triton. The whole mix was kept to get mixed in a cold room

for 30 min.

1.5.1.11 Stacking gel (for two gels)

1.5.1.12 Separating gel (12% for two gels)

4.1 ml H,0O

1 ml 30% acrylamide mix
1M Tris (pH 6.8)

10% SDS

10% ammonium persulfate
6 il TEMED

3.3 ml H,0

4 ml 30% acrylamide mix

2.5 ml of 1.5M Tris (pH 8.8)

0.1 ml 10% SDS

0.1 ml 10% ammonium persulfate
4 ul TEMED

1.5.1.13 10X Semi-dry (Transfer) buffer

200 mM Tris-Base
1.5 M Nacl
pH=75

15.1.14 1X transfer buffer (TBS)

100 ml 10X transfer buffer
200 ml methanol
700 ml dH,0
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1.5.1.15 0.1% TBST
- add 1 ml of Tween20 to the 1X TBS

15.1.16 1% Milk TBST
- add 1g free fat milk powder to 100 ml 0.1% TBST

1.5.1.17 10X SDS electrophoresis (running) buffer

- 60 mM Tris-Base (30gin1l)

1% (1 g per 100 ml) SDS (10gin11)
1.92 M Glycine (144 ginl11)

- pH=88

1.5.1.18 1X SDS running buffer

100 ml 10X running buffer
900 ml distilled water

15119 10X TBS
1X TBST (tween 20 is added to remove any antibody that non-specifically binds to the blot which

results in good signal to noise ratio)

1.5.1.20 Ponceau solution
- 1 gPonceau powder

5 ml acetic acid

495 ml DDW

1.5.1.21 Antibodies

- Monoclonal a-SNAP-25 from synaptic systems clone 71.1 (1:1000)
- Polyclonal a-SNAP-25 C-terminus from millipore (AB1762) (1:500)
- Goat anti-mouse (1:5000)

- Goat anti-rabbit (1:5000)

1.5.2 Extraction of chromaffin cells from mouse adrenal glands

Freshly prepared Dulbecco’s Modified Eagle Medium (DMEM) was sterile-filtered shortly before
the preparation. Twenty units of papain extract were added to 1 ml of enzyme solution and incubated at pH

= 8 and 9% CO,, then sterile filtered. The coverslips and the 6-well dishes were kept under UV-radiation
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for 20 min to ensure sterilization of the coverslips. The mouse was then sacrificed via inhalation of CO»,
followed by cervical dislocation. A Cesarean-section was made to extract the litter at the embryonic day 18
(E18) out of the mother and separate them from the embryonic sac. The embryos were decapitated and
opened at the abdominal area. The muscle tissue underneath the skin was also removed to allow access to
adrenal glands. The adrenal glands were carefully extracted one by one and transferred to pre-cooled
Locke’s solution. The glands were then cleaned from the surrounding connective tissue and blood vessels
via micro-scissors and were washed shortly in a drop of enzyme solution and then incubated in 300 pl
enzyme solution at 37 °C for 30-45 min under continuous shaking. The enzyme solution was then
completely removed, replaced with 300 pl of inactivation solution and incubated for 5 min. The inactivation
solution was then completely removed and the adrenal glands were washed in 500 pl DMEM. The medium
was removed and 200 pl fresh media were then added and the chromaffin cells inside adrenal medulla were
dissociated through triturating the glands 10-20 times using a 200 pl pipette tip. Additional 100 pl of
medium were added to reach a final volume of 300 ul, mixed, and then seeded on glass coverslips in a
6-well dish with a drop of 50 pl per coverslip. The cells were allowed to settle for 30 min under 5% CO.,
37 °C. After 30 min, 2 ml of DMEM was added to each coverslip and left for 48 h before performing any

electrophysiological recordings.

1.5.1 Semliki-forest virus (SFV)

SFV belongs to the a-viruses family, with a single stranded RNA having its first two thirds at the
5’ end, encoding the proteins needed for the virus replication. The RNA is enveloped by structural proteins
that are encoded in the last third of the virus genome. This technique was then adopted to insert genes of
interest encoding proteins for expression in chromaffin cells. Ashery et al. (1999) used SFV to encode the

cDNA of proteins of interest and were able to efficiently infect mouse adrenal chromaffin cells.

The cDNA of the protein of interest was sub-cloned into the pSFV1 plasmid. The plasmid was then
linearized using its specific restriction enzymes. The linearized plasmid together with the helper plasmid,
pSFV-helper2, were mixed (10 ug from each plasmid) and electroporated into Baby Hamster Kidney (BHK)
cells, incubated at 37 °C for 24 h. When both plasmids come into contact, a fully functional virus is made
which will eventually lead to the death of the BHK cells and the release of virons into the culture medium,
in which the BHK cells are incubated. The supernatant, containing the virons, is then collected and separated
from the cell debris using low speed centrifugation. A modification was made in the pSFV-helper plasmid
that would stop the virus from being infective unless the coat spine protein (P62) is cleaved using a protease.

The virus is then snap-frozen in liquid nitrogen and stored in aliquots at -80 °C.
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1.5.1.1 Virus activation

100 pl of chymotrypsin were added to the 450 pl of virus and incubated for roughly 45 min at room
temperature. The chymotrypsin was then inactivated by adding 100 pl Aprotonin and 100 pl of Bovine
Serum Albumin (BSA), then incubated for 5 min. The virus was then ready to use. During the day of
measurement, the virus was kept in a +4 °C fridge and was valid to use for 48 h after activation.

1.5.2 Patch clamp

1.5.2.1 Membrane capacitance measurements via patch clamp in adrenal chromaffin cells

Capacitance measurements in chromaffin cells (CCs) were introduced and accurately measured by
Neher and Marty in 1982. These measurements are performed by attaching the stimulating recording
electrode via the patch pipette to the cell and adjusting the patch-clamp configuration to the whole cell. A
sine wave is then applied to measure the amount of current needed to be injected to “clamp” the cell at the
command voltage. When this sinusoidal wave is applied frequently enough, it can directly correlate to the
exact size (surface area) of the cell. For this purpose, a lock-in amplifier is used to provide a high frequency
sine wave that is considered to be the command signal to the voltage clamp (Figure 8). One main advantage
of voltage clamp is that it prevents the cells from becoming depolarized or hyperpolarized. This prevents
opening and/or closing of ion channels which would in turn affect the electrical properties of the cell. If we
consider that each electrically conducting substance has a so-called “specific capacitance”, this specific
capacitance was calculated for the cell membrane considering it to be electrically active. As the cell acts as
a parallel capacitor, the capacitance would be directly proportional to the surface area of this cell with the
equation C = £0A/d, where C is the capacitance, £ is the di-electric constant, A is the area of the plates of
the capacitor and d is the distance between the two plates. The specific conductance of the cell membrane
was calculated according to this equation to be 1 pF/cm? (Cole, 1968). Considering this law and
implementing it on a chromaffin cell with an average diameter of around 10 um, we can deduce its overall
capacitance calculated to be around 3.14 pF considering the spherical nature of a chromaffin cell.
From these calculations, it is inevitable that there is a direct correlation between the surface area of the cell
and its total capacitance. When a stimulus arrives at the chromaffin cells, it leads to opening of voltage gated
calcium channels that in turn lead to an increase in the intracellular calcium concentration. This calcium rise
will cause fusion of vesicles with the plasma membrane and increase in the total capacitance of the cell. The
challenge is to accurately estimate this slight increase in the total surface area as a direct measure to the
membrane capacitance. In order to accurately measure this change in the cell surface area, the whole cell

patch clamp technique was applied to chromaffin cells. Patch clamp technique was developed first in 1976
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in order to be able to study ion channels activity in live intact cells. Six years later, Neher and Marty (1982)
showed that this technique, with some modifications, can be used for measuring membrane capacitance
changes at high temporal resolution. In patch clamp, a glass pipette is filled with the solution of interest
(intracellular solution) into which a stimulating recording electrode is inserted such that the intracellular
solution and the electrode are in direct contact. Then, the pipette is guided to touch the cell with positive
pressure pre-applied on the pipette. When the pressure is released, a very tight seal between the plasma
membrane and the pipette tip is formed which is known as a Giga-Ohm (GQ) seal (Sigworth and Neher,
1980). This high seal is crucial to greatly improve the signal to noise ratio. Now, this small contact between
the membrane and the pipette, the membrane patch, was used initially to study single ion channel activity
and this configuration was termed “cell-attached” patch clamp configuration. The technique was modified
in such a way where this patch was perforated and the pipette had access to the whole interior of the cell in
a configuration known as “whole-cell patch clamp”. As the GQ seal must be maintained for high quality
recordings, the resistance of the pipette itself should not be of high resistance due to two main reasons. First
is to allow for efficient perfusion of the intracellular solution to the inside of the cell. Second, to avoid the
voltage drop that could happen under high resistance since the pipette in the circuit is connected in series
with the cell.

By maintaining the voltage at the resting potential, current would be injected to compensate for any increase
(i.e. exocytosis) or decrease (i.e. endocytosis) of the total capacitance (surface area) of the cell. When this
voltage is applied, the capacitive component will rise instantaneously then start in the decay while the

resistive component will start to rise after a certain delay from the capacitive one. Thus, a phase shift

between the voltage and current occurs.

Figure 8 Experimental setup of a voltage-clamped chromaffin cell.

(A) Microphotograph shows a cultured chromaffin cell (CC) in the typical recording configuration, in contact with
carbon fiber and patch pipette. Catecholamine secretion was stimulated by flash photolysis of infused caged-calcium
compound Nitrophenyl-EGTA (NPE). (B) Schematic diagram of a cultured chromaffin cell prepared from SNAP-25
" mice at E18. After two days in vitro, cells were infected by Semliki-Forest viruses engineered to express either
wildtype or mutant SNAP-25. All electrophysiological recordings were done 5-7 h post viral infection. For the
characterization of the release properties, amperometric and capacitance measurements were performed in parallel.
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1.5.2.2 Calibration curve

The flash-photolysis experiment is based on fully controlling the calcium levels in the cells before and after
stimulation (Ca?*-uncaging). Therefore, calcium indicators are crucial for such an experiment. The range of
calcium to be detected is fairly big. The chromaffin cells have a calcium concentration of about 100 nM
under resting conditions. To prime vesicles for release, the calcium levels have to be increased to 600-800
nM and the release of vesicles occurs upon uncaging of calcium from 800 nM up to 20-30 uM. Two FURA
dyes were used for these experiments as there is no single FURA dye that could cover this wide range of
calcium detection. FURA-4F was used to detect the lower range of calcium as it has a dissociation constant
(Kd) of 0.77 uM detecting roughly from 77 nM up to 7.7 uM (10 times above and below the Kd value of
the dye). For the upper range of calcium, Furaptra (Mag-Fura-2) was used due to having a Kd value of
25 UM detecting a lower range from 2.5 UM and an upper range of 250 uM. Combining both dyes will cover
the entire range of calcium concentrations needed to be detected for this experiment. In order to use these
dyes accurately a calibration curve, with pre-defined calcium concentrations, had to be established. Eight
calibration solutions were prepared as shown in Table 1 having the concentrations (uM): 0, 0.330, 0.737,
3.28, 11.585, 23.186, 71.041, and 12500 estimated by the Freecon calcium calculator. 1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA) was the Ca?"chelator used for solutions with
low calcium concentration (solutions 1 to 3), due to its high affinity to calcium. As Ca?* concentration in the
calibration solutions reached the micromolar range or higher (solutions 4 to 8), BAPTA was exchanged with
Diethylenetriaminepentaacetic acid (DPTA) that has a lower affinity to calcium and better buffer capacity
at these concentrations. At the end of the calibration process, the ratios obtained from each calibration
solution were inserted in an Igor function that plotted two logarithmic plots representing both FURA dyes
to obtain one final calibration curve (Figure 9). The calibration solution could be stored in the Igor directory
where the pre/post flash calcium concentrations of each experiment could be extracted and plotted directly

using this calibration file.

In the present experiments, holding potential was adjusted to -70 mV, and a 1 KHz sine wave stimulus with
a 35 mV peak to peak amplitude. Ratiometric Ca?* imaging was performed using the mix of Fura-4f and
Furaptra (Magfura, Invirogen). The cells were patched-clamped at the whole cell configuration using
borosilicate glass patch pipettes (GC150F10, Harvard). The pipettes were pulled using P-1000 puller (Sutter
Instruments) followed by heat polishing. The patch pipettes were adjusted to be of 3-5 mQ resistance. After
stabilizing the Giga-seal configuration, the cell was opened and the flash Ca?*-uncaging stimulus was applied
after the FURA dye has efficiently been infused to the cells (takes roughly 1-2 min). Parallel to capacitance

measurements via the patch pipette, a carbon fiber microelectrode was set to +800 mV and approached to

28



MATERIALS AND METHODS

touch the cell from the opposite side of the patch pipette. Amperometric currents were sampled at 1 KHz to

be simultaneously measured with the capacitance response.

1/Ratio

+

I 1 Illlllll I IIIlIIII 1 IIIIIIII 1 IIIIIIII 1

10° 10”7 10° 10° 10" 10° 107

Log[Ca™],

Figure 9 Ca?**-calibration curve for flash-photolysis experiments.
Table showing different calibration solutions having calculated free calcium [Ca?*];. ranging from 0 nM to 12.5 mM.
Free [Ca?*]i was estimated using the Igor macro “Freecon”. On the x-axis, plotted the inverse of the ratio (1/R) obtained

from each calibration curve. On the y-axis, plotted the free [Ca%*]i on a logarithmic scale.
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Solution 1 2 3 4 4a 5 6 7 8
2xBP 145 10 11 11.5 10 9 10 20
MgATP/Na:GTP (20/3mM) 4 4 4 4 4 4 4 4 4
9.3 45 31 17
BAPTA (86mM)
(20mM)  (9.68mM)  (6.67mM) (3.66mM)
48 6.2 7.6
CaBAPTA (100/86mM)
(10.32mM) | (13.33mM) (16.34mM)
15.2 13.8 12.2 8.2
DPTA (100mM)
(38.1mM) (34.5mM) | (30.5mM) | (20.5mM)
0.8 2.2 3.8 7.8
CaDPTA (100/200mM)
(1.9mM) (5.5mM) (95mM) | (19.5mM)
CaCl2 (100mM) - - - - - - - - 5
1
Vitamin C (40 mM) 1 1 1 1 1 1 1 1
(1 mMm)
H20 (filtered Milipore) 8 11 11.7 43 5.8 6.8 9.8 6.8
DyeMix (5/5mM) 3.2 32 32 32 32 32 32 32 32
Free [Ca2+] 0 330nM 737nM 3282uM  3.129uM  11.585uM = 23.186pM = 71.041uM = 12.5mM

Table 1 Ca?*-calibration curve for flash-photolysis experiments.
A table showing different calibration solutions having calculated free calcium ranging from 0 nM to 12.5 mM. Free
[Ca?*]i was estimated using the Igor macro “Freecon”.

1.5.2.3 Fabrication of carbon fibers

Neuronal and neuroendocrine cells communication occure via the release of biogenic amines and
other neurotransmitters e.g. catecholamines, such as norepinephrine and epinephrine from adrenal
chromaffin cells via exocytosis (Eguiagaray et al., 2004; Suudhof, 2008). One characteristic feature of these
catecholamines is their electrochemical activity allowing them to be oxidized and subsequently detected
with amperometric measurements using carbon fiber microelectrodes in chromaffin cells (Bucher and
Wightman, 2015; Mundroff and Wightman, 2002). Nearly 30 years have passed since amperometric
measurements were first established, and now these measurements are mainly used due to the high
sensitivity of the carbon fiber and the high acquisition rate (temporal resolution) that allow for detailed
analysis of single fusion events of vesicles (Amatore et al., 2008; Wang et al., 2009).

The carbon fibers were fabricated according to Bruns (2004). In details, 10 um carbon fibers a few
centimeters long were cut and separated under a light microscope, then the tip of the fiber was glued against
a copper wire using highly conductive silver glue (Busch Silber-Leitlack). In parallel, a glass capillary

(GC150F-10, Harvard apparatus, USA) was polished by flaming its tip against a Bunsen burner to smooth
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the sharp end. The copper wire attached to the carbon fiber was then inserted from the copper wire end
towards the tip of glass capillary until the copper wire exits the capillary from the other side leaving the
carbon fiber roughly in the middle of the glass capillary. The copper wire and the glass capillary were glued
together at the end of the capillary using a two component epoxy glue (2-K-epoxidkleber, UHU® plus) and
left for around 4 h to harden. After the glue had dried, the capillary was pulled using the P-1000 puller
(Sutter Instruments, USA). The puller was adjusted to pull roughly 0.5 cm after the connection between the
fiber and the wire. Each capillary was then checked under the microscope to ensure the carbon fiber was
attached to the copper wire. For a better signal to noise ratio, the carbon fiber has to be insulated. This is
done via electroplating an anionic polymer (Glassophor ZQ 84-3211) over the carbon fiber by applying a
voltage of 5V through a platinum electrode. This applied voltage would render the carbon fiber to act as an
anode and the platinum electrode to be the cathode. Electro-coating takes place at the surface of the anode
where hydrolysis of water and production of protons takes place. These produced protons are important to
catalyze the deposition of the anion electrophoretic deposit. A 40-50 s deposition time was enough time to
form a uniform insulating coat around the fiber (note: the duration and applied voltage could be changed in
order to reach the proper coat thickness and uniformity). The carbon fibers were heat treated in an oven at
roughly 155 °C for 20 min. Finally, the tip of the pipette where the carbon fiber protruded was sealed using
Sylguard and applying heat for couple of seconds to allow for the Sylguard to polymerize and harden. The
fibers were ready then to be connected to the head stage of the amplifier for electrophysiological

measurements.

1.5.3 Confocal microscopy

Images were acquired using a laser scanning microscope LSM 710 (Carl Zeiss Microimaging
GmbH). The confocal images were acquired using an oil based Plan-Apochromat 100x/1.4 NA DIC M27
objective. The focal plane was set at near the equatorial plane of live chromaffin cells. All confocal images
were acquired at a pinhole of 1 airy unit size, a bit depth of 16 bits per pixel, and an image format of
253x352. Green fluorescent protein (GFP) fluorescence was detected by exciting with Argon laser at 488
nm at a 5% laser intensity. The Master gain was fixed at 751 and the Digital gain was adjusted to 1.0. The
protein distribution near the membrane was quantified using linear line scans of 3 um length and a thickness
of 1 pixel. The resulting fluorescence profiles were aligned at the position of the maximal fluorescence

intensity using an in-house written marco for IGOR (Wavemetrics).
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1.5.4 Protein quantification using western blot analysis

1.5.4.1 Sample collection and preparation

To collect enough sample for western blot analysis, five newborn (postnatal day 1-2) mice were
sacrificed and chromaffin cells from these animals were seeded on a 5 cm petri dish and left for two days at
37 °C, 9% CO; (day of preparation and the next day and then the day after they were used). After 2 days of
incubation, each dish of cells was infected with 500 pl of the SFV of choice for the experiment for around
6 h. The cells in the dish were then washed 2 times with ice-cold Phosphate-buffered Saline (PBS). 150 pl
of homogenization buffer were then added and the cells were detached from the dish using a sterile cell
scraper. The scraped cells with the buffer were transferred to a 1.5 ml Eppendorf tubes and 2-3 trituration
steps were performed to ensure proper lysis of the cells. Then, the lysate was kept on ice for 1 h. The
Eppendorf tubes were centrifuged for 5 min at 4 °C, 13000 rpm. The supernatant was placed in a fresh
Eppendorf tube and the pellet containing cell debris and intracellular compartments was discarded. The

sample was then stored for later usage at -80 °C.

1.5.4.2 Bradford protein assay

The Bradford assay is used to detect the concentration of total protein in a sample of interest. The
principle of the assay is based on the change of the color of the Coomassie dye inside the Bradford solution
from brown to green/blue when it binds to protein molecules under acidic conditions. We used this technique
to ensure equal loading of our samples used for western blot analysis. 1 ul of each sample was added to
999 ul of Bradford solution and incubated for 10 min, at room temperature. For a negative control (blank),
1 ul of the homogenization buffer was also added to 999 ul of Bradford solution. The absorbance was
measured using a spectrophotometer at wave length of 595 nm and the samples absorbance was compared
to a preestablished calibration curve of known protein concentrations to determine each sample’s protein
concentration. Upon usage, the sample was diluted in B-mercapto-methanol and sample buffer to a final
volume of 20 pl to be loaded in the SDS-PAGE gels.

1.5.4.3 Sample loading

15 pl of each sample (if needed the sample was diluted using the sample buffer to reach equal
concentration) was added to 4X B-mercapto-methanol sample buffer. Then, the samples were heated at
95 °C for 5 min for protein denaturation and then shortly centrifuged to collect the sample. The samples
were loaded into the SDS-PAGE gel, and then run at 100 V for 20 min at 160 V for 50 min. Then transfer
was done to transfer the proteins on the SDS-PAGE gel to the nitrocellulose membrane. The membrane was

run for 2 h at 250 mAmp. The membranes were stained with Ponceau dye for 10 min under shaking then
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washed with Tris-Buffer solution containing 1% Tween-20 (TBST) until the stain was cleared from the
membrane. The membrane surface was then blocked with 5% milk in TBST and left for 1 h under shaking
at room temperature. The primary antibodies (detecting either N- or C- terminal end of the SNAP-25) were
diluted in 1% milk in TBST and incubated overnight at 4 °C (dilution 1:1000). The membrane was washed
with 1% milk in TBST 3 times with 15 min time interval between each wash. The secondary antibody was
then added at room temperature for 1 h. (dilution 1:5000). The membrane was finally washed 3 times with
TBST (no milk) with 10 min time interval between each wash at room temperature. For development of the
blot, the membrane was incubated in ECL developing solution from Pierce (1:1 premixed white/brown
solutions) for 5 min under shaking at room temperature. All pictures were developed using the gel doc
machine (from Biorad).

To identify the concentrations of different over-expressed SNAP-25 variants, a calibration curve with
defined protein concentrations was performed for the N- and C- terminus antibodies that were used. For the
antibody binding at the N-terminal end of the SNAP-25 (aa 20-40), fluorescence intensity measured in
arbitrary units (a.u.) was linear up to 210 ng of purified SNAP-25 protein. C-terminus antibody showed
linearity relationship between the protein concentration and fluorescence intensity only at concentrations
less than 150 ng, after which, the signal was saturated. From this control experiment, we concluded that all

over-expressed mutants will be run parallel to purified protein concentrations that don’t exceed 150 ng.
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Figure 10 Checking linearity of different SNAP-25 antibodies using western blot analysis.
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(A) Western blot showing purified WT SNAP-25 protein using antibody (Ab1762, Millipore) detecting the C-terminal
end of the SNAP-25 (amino acids 190-206). (B) Western blot showing purified WT SNAP-25 protein using antibody
(71.1, Synaptic Systems) detecting the N-terminal end of the SNAP-25 (amino acids 20-40). (C) Fluorescence
intensity (in a.u.) plotted vs different protein concentrations using C-terminal antibody detecting amino acids 190-206.
(D) Fluorescence intensity plotted vs different protein concentrations using N-terminal antibody detecting amino acids
20-40. For C-terminal Ab, the fluorescence/protein concentration ratio was linear only at concentrations less than 150
ng, while it was completely linear for the N-terminal Ab.

1.5.5 SNARE complex assembly assay

SNAP-25 WT or mutants were His-tagged, bacterially expressed in E. coli (BL21DE3). The proteins were
then purified using a nickel-nitrilotriacetic acide column (Qiagen). Dialysis of SNAP-25, Stx-1AY%? and
GST-Syb2:**® was done in dialysis solution composed of: 100 mM NaCl, 20 mM Tris, 1 mM DTT, 1 mM
DTT, 1 mM EDTA, 0.5% Triton X-100 and pH was adjusted to 7.4. Around 3 uM protein from SNAP-25
(WT or mutants), Syb2 or Stx-1A was mixed in 80 pl test volume. The mix was then incubated for different
time intervals under gentle agitation and 25 °C. After incubation, the SNARE complex assembly was
stopped by adding SDS-containing sample buffer. The samples were then run without boiling on SDS-
PAGE gel and protein bands were stained with Coomassie blue dye. The gels were scanned and quantified
by densitometry using ImageJ. All SNARE complex assembly assays were kindly performed and provided

by Walentina Frisch, data was analyzed by Prof. Dr. Ralf Mohrmann.

1.5.6 Stx-1A binding assay

25 uM of GST-Stx-1A%?2 was incubated with glutathione-sepharose beads for 2 h at 4 °C for
immobilization. The beads were extensively washed and incubated in binding solution with 5 uM SNAP-25
WT or mutant protein for 20 h at 4 °C. The binding solution contained in mM: 100 NaCl, 20 Tris, 1 DTT,
1EDTA, 0.5% Triton X-100, and the pH was adjusted to 7.4. Afterwards, the beads were washed four times,
then resuspended in a fresh binding buffer. The retention efficiency was tested by running SDS-PAGE
followed by Coomassie blue dye staining. The protein bands were analyzed by densitometry using ImageJ.
As Coomassie staining and protein size are directly proportional, the molar ratio Npound/Nsix1a reflecting

different molecular weights of different proteins used was calculated.

1.5.7 Epifluorescence microscopy

Adrenal chromaffin cells were cultured on coverslips as described before and left for 48 h at 37 °C,
9% CO,. Each coverslip was infected for about 5.5 h with the protein of interest using Semliki-forest virus.
The coverslips were then inserted in the measuring chamber and 1 ml of ECS was added prior to the

measurements. All images were captured under 70.44 ms exposure time.
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1.5.8 Transgenic mice

All experiments were performed on mouse chromaffin cells at embryonic days 17-19. All of the
recordings are performed on SNAP-257" mouse cells unless stated otherwise. Animals were handled in
compliance with the federal German animal welfare act and local regulations of the University of Saarland.
The SNAP-25 knock-out mice were initially made by (Washbourne et al., 2002). The mice were maintained
by backcrossing with C57BL/6 WT mice in the local animal facility.

1.5.9 Statistical analysis

Data are presented as mean values * the standard error of the mean (SEM) unless stated otherwise.
For analysis of amperometric spikes, median was selected as these spike have a skewed distribution and
then the mean of the medians was calculated for statistical comparisons. All statistical tests were done using
the SigmaPlot software and each test is mentioned according to the experiment in the figure legends.
Significance was evaluated according to the following categorization of P-values (P): * for P < 0.05, ** for
P < 0.01, and *** for P < 0.001. For detailed statistical analysis of each experiment, please refer to the

complete information in the Appendix (directly after the conclusion).
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Results

1.6 SNAP-25 co-expression of separated SN1- and SN2-containing SNAP-25

fragments inefficiently reconstitutes secretion

In SNAP-25, the two SNARE motifs (SN1 and SN2) are connected by a linker domain of roughly
60 amino acids. The functional requirement of a linkage between the two SNARE motifs has remained
controversial (Chen et al., 1999; Wang et al., 2008). Chen and colleagues infused cracked, BoNT/E toxin-
treated pheochromocytoma cell line (PC12) with SN2 fragments (SNAP-25%2%) and reported an almost
full restoration of secretion in a [*H]norepinephrine radioactivity assay. However, this result was later
challenged when Wang et al. (2008) demonstrated that an analogue rescue of release in permeabilized
bovine chromaffin cells was only possible under specific conditions, after previous run-down of secretion.
Thus, we were interested in testing the importance of a continuous SNAP-25 backbone in neuro-endocrine
secretion using intact mouse chromaffin cells. For this purpose, truncated SN25 Lacking the last 26 amino
acids (aa), named “SNAP-25A26" and SN2 fragments were co-expressed in SNAP-25" chromaffin cells
using a bicistronic Semliki-forest virus (SFV) in order to detect any gain of function (Figure 11A). As we
noticed in preparatory experiments (Figure 12) that an isolated SN2 fragment could not be stably expressed
in chromaffin cells, we relied on N-terminally tagged SN2, which was fused to the fluorophore mCherry
(mCh) and appeared to be protected from degradation. We aimed for an excess expression of the mCh-SN2
fragment to counter the low membrane association of SN2 lacking the palmitoylation motif. Also, a high
mCh-SN2 level is probably required to facilitate its incorporation into ternary SNARE complexes,
displacing the truncated SN2 motif of SNAP-25A26. To accomplish an imbalanced expression ratio, mCh-
SN2 was inserted into the first open reading frame of the bicistronic viral expression vector, while translation
of SNAP-25A26 in the second open reading frame was controlled by a polio virus internal ribosome entry
site (IRES) (Figure 11 A and B). This polio virus IRES has previously been shown to have a weak driving
efficiency in chromaffin cells (Mohrmann et al., 2010).
To confirmthe anticipated expression ratio, mCh-SN2 and SNAP-25A26 levels were analyzed in cell lysates
by Western Blot. In order to detect both fragments, different antibodies recognizing either N-terminal (71.1,
Synaptic Systems) or C-terminal epitopes (AB1762, Millipore) were used. The monoclonal 71.1 antibody
binds to amino acids 20-40 in the SNAP-25 WT protein, while the polyclonal AB1762 antibody binds to
amino acids 190-206. The absolute concentration of each fragment in the same lysate was separately
estimated using calibration curves with defined amounts (5, 40 and 120 ng) of bacterially purified SNAP-25

WT protein and the expression ratio was calculated. Linearity of the calibration curve was confirmed in
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preparatory experiments (see materials and methods; Figure 10). This analysis revealed a 6.77 + 0.75-fold
(n = 6) excess of the mCh-SN2 fragment over the SNAP-25A26 (Figure 11 B).

To study secretion properties, membrane capacitance changes as well as amperometric currents upon
photolytic calcium uncaging were simultaneously measured. Cells were infused via patch pipette with
intracellular solution (ICS) containing =~ 600 nM free Ca?* and [Ca?*]; was further elevated to 800-900 nM
with brief uncaging UV pulses before application of the main UV flash, ensuring maximal vesicle priming.
By this paradigm, a step like increase in [Ca*]i reaching 20-30 uM was accomplished allowing for
synchronous release of LDCVs. No rescue was observed in SNAP-25" cells co-expressing SN25A26 and
mCh-SN2 fragments, while WT SNAP-25 fully restored the secretory response. In fact, the total exocytotic
burst was significantly suppressed under the level of residual release observed in uninfected SNAP-25"
cells (ACW(WT) = 390 + 29 fF, n = 30; ACwKO) = 30 + 29 fF, n = 23; and
MCh-SN2/SN25A26ACm =-0.4 £ 2.5 fF, n = 27; P < 0.05 for all comparisons; Dunn’s test). This indicates
that the SN25A26 fragment has a dominant negative effect on exocytosis, as previously shown (Sorensen et

al., 2006), which could not be overcome by the 7-fold overexpression mCh-SN2 under our conditions
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(Figure 11 C and D).

Figure 11 BoNT/E SNAP-25 product acts as dominant negative in SNAP-25"" chromaffin cells.
(A) Cartoon showing the rescue paradigm: SNAP-25A26 (1-180) was co-expressed with mCh-SN2. (B) Expression
analysis of SNAP-25A26 and mCh-SN2 fragments yielded a ratio mCh-SN2/SNAP-25A26 of 6.5:1, resulting from
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the use of a different internal ribosomal entry site (polio virus) for the translation of the second reading frame. (C)
Electrophysiological characterization of secretion in uninfected KO cells (grey), KO cells co-expressing
SNAP-25A26 and mCh-SN2 (dark green), and KO cells rescued with WT protein (black). (D) Quantitative analysis
of capacitance measurements for total release (left figure), fast burst (middle figure), and sustained release (right
figure). All data is given as Mean = SEM. n is depicted in each panel. Statistical testing was done by ANOVA with
Tukey post-hoc test.

In an alternative rescue paradigm, a shorter SNAP-25 fragment lacking the entire SN2 motif (SNAP-25'"'*")
was coexpressed with mCh-SN2 in SNAP-25" cells (Figure 13A). The bicistronic virus carried an
encephalomyocarditis virus IRES to drive the second open reading frame containing SNAP-25'""*!,
Analysis of expression levels revealed a 1.73 + 0.4-fold excess of the mCh-SN2 fragment over SNAP-25'"!
(Figure 13B). The functional characterization by membrane capacitance measurements and Ca?*-uncaging
showed that this combination of fragments was indeed able to reinstate release, but total release by far did
not reach the level of WT controls (ACm(WT) = 323 £ 29.3, n = 27; ACu(KO) = 29.6 + 5.3, n = 32;
ACm(MCh-SN2/SNAP-25AC) = 111 £ 17.6 fF, n = 21; P < 0.001 comparing either the KO or the mutant to
the WT and p = 0.013 for the mutant vs KO, ANOVA Tukey test was applied). Notably, the response
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any fast component in contrast to controls (Figure A M it 8 =

13C and D). B ] 9 14
@m GFP-SN1-L

Since fitting the response of the mutant with a tri- 1171 SN2

exponential function was not possible due to small 138 206

capacitance signal in this experimental setup, gg ;.: aNT _ aCT

secretory burst was estimated by measuring the ?g o J— % Gt ,',_‘gu';;"‘jl'-

ACwat 1s (ACu(WT) =273+ 22.8; ACW(KO)= 211 - L sno

15 + 22, and ACW(MCh-SN2/SNAP-25AC) = - = 111 s amanT 5 aant

0.015 £ 1.07 fF, n = 21;for total release) and

sustained release rate was determined betweenthe  Figure 12 SN2 fragment undergoes degradation

1sand5 s releases as WT = 23 + 2.8 fF/s, n = 27; When expressed unprotected. .
(A) Schematic diagram of the bicistronic construct with

KO = 42 + 1 fF/s, n = 32; and mCh- EMCV IRES to induce the expression of the second open

reading frame. (B) The first open reading frame expressed
SN2/SNAP-25AC = 11.3 + 1.8 fF/s, n = 21 for the  the SN2 fragment of the SNAP-25 (aa 138-206) while the
first second open reading frame expressed GFP-SN1 + L (aa
1-141) fusion protein. (C) Westernblot of cell lysate
Dunn’s test). Thus, separate SNAP-25 fragments ~ €xpressing the bicistronic construct using either N- (left) or

) o ) C- (right) terminal SNAP-25 antibodies. SN2 was not
failed to efficiently rescue release; concluding that  expressed as shown on the gel at the right side.

sustained release rate P < 0.05 for all comparisons;

an intact SNAP-25 backbone is essential for fast
SNARE-mediated exocytosis.
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Figure 13 Discontinuous SNAP-25 is not capable of fully restoring exocytosis in SNAP-25"
chromaffin cells.

(A) Cartoon showing the rescue paradigm, SNAP-25AC (aa 1-141) was coexpressed with mCh-SN2. (B) Expression
analysis of SNAP-25AC and mCh-SN2 fragments yielded a ratio of mCh-SN2/SNAP-25AC 1.7:1, resulting from
the use of an internal ribosomal entry site, encephalomyocarditis virus, for the translation of the second reading frame.
(C) Electrophysiological characterization of secretion in uninfected KO cells (grey), KO cells co-expressing
SNAP-25A26 and mCh-SN2 (dark green), and KO cells rescued with WT protein (black). (D) Quantitative analysis
of capacitance measurements for total release (left figure), fast burst (middle figure), and sustained release (right
figure). All data is given as mean + SEM. Number of cells (n) is depicted in each panel. Statistical testing was done by
ANOVA with Tukey post-hoc test.

Since expression of SNAP-25"'*! in combination with mCh-SN2 partially rescued release, we wondered
whether the SN2-detached linker in this situation would be still of any relevance for the reconstitution of
secretion. To investigate this, we shortened the linker by removing its C-very terminal region and expressed
the resulting SNAP-251*8 variant together with mCh-SN2 in SNAP-257 cells. This truncation was
motivated by previous work of Nagy et al. that indicated the C-terminal linker in the Kinetic control of fast
calcium triggered exocytosis (Nagy et al. 2008). While expression of SNAP-25 WT could fully rescue the
secretory burst, expression of the truncated SNAP-25'8 together with mCh-SN2 still only partially restored
exocytosis in SNAP-257 cells. The relative rescue of total release by SNAP-2518 was undistinguishable
from the value previously found for the longer SNAP-25""! fragment AC\m(mCh-SN2/SNAP-2511%) = 87.6
+11.6,n=36; ACu(MmCh-SN2/SNAP-25") =110+ 17.5 fF, n = 21; p = 0.257; Figure 13D, Figure 14C).

However, the relative rescue at 1 s post-flash using SNAP-25*! was significantly higher than that observed
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for SNAP-25""8 indicating that the loss of the C-terminal linker region in SNAP-25"!8 had a detrimental
effect on the fast-secretory burst (ACw(mCh-SN2/SNAP-25"%) = 289 + 4.2, n = 36; ACm(mCh-
SN2/SNAP-25"%41) = 65.6 + 12 fF, n = 21; p = 0.00142; Figure 13D, Figure 14D). Sustained release was
not significantly different (mCh-SN2/SNAP-25'8) = 146 + 19 fF/s, n = 36; and
MCh-SN2/SNAP-25AC = 11.3 + 1.8 fF/s, n = 21; p = 0.262). Western blot analysis showed a mCh-
SN2:SNAP-25""18 ratio of 2.12 + 0.09 (Figure 14D); four preparations were used, 5 adrenal glands for each
preparation. Thus, we conclude that the full linker still plays a facilitating role in exocytosis even if the
physical linkage between SNARE motifs is dissolved with it C-terminal region having a boosting effect on
the fast release.
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Figure 14 Incomplete linker further deteriorates LDCVs release.

(A) Cartoon showing the rescue paradigm: SNAP-25%118 was co-expressed with mCh-SN2. (B) Electrophysiological
characterization of secretion in uninfected KO cells (grey), KO cells co-expressing SNAP-25ACA118) and mCh-SN2
(dark green), and KO cells rescued with WT protein (black). (C) Quantitative analysis of capacitance measurements
for total release (top left figure), fast burst (top right figure), and sustained release (buttom right figure). (D) Expression
analysis of SNAP-25%118 and mCh-SN2 fragments yielded a ratio of mCh-SN2/SNAP-25AC 2.12:1, resulting from
the use of an internal ribosomal entry site encephalomyocarditis virus for the translation of the second reading frame.
All data is given as mean = SEM. n is depicted in panel B. Statistical testing was done by ANOVA with Tukey post-
hoc test.
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1.7 Substitution of the SN25 linker with a flexible peptide result in a fusion-
incapable SNAP-25 variant

Our previous results delivered intriguing clues that not only the integrity of the linker domain but
also the presence of specific linker motifs are critical for efficient fusion, in particular for the maintenance
of high-fidelity burst secretion. To investigate the mechanistic function of the linker motifs in detail, we
next generated a SNAP-25 mutant, SN25 L G/S, in which the complete linker was exchanged with a flexible
peptide of equal length comprising only glycine and serine residues (varied sequences, ratio G/S ~2:1,
Figure 15A). To estimate the expression level in infected cells, we N-terminally tagged WT and mutant
SNAP-25 with GFP, which had been showed to have no detectable impact on its function (Delgado-
Martinez et al., 2007). Viral expression of GFP-SN25 L G/S in SNAP-25" cells completely failed to rescue
exocytosis, while WT SNAP-25 fully restored release (Figure 15B and C). Indeed, total secretion in cells
expressing GFP-SNAP-25 WT was 325 + 22 fF (n = 25), whereas overall release was as low as 43 + 6.7 fF
for GFP-SN25 L G/S-expressing cells (n =26, P <0.001 for SNAP-25 WT vs SN25 L G/S; uninfected cells:
36 + 5.9 fF, n = 23). Burst release after 1 s and sustained release were undistinguishable between uninfected
SNAP-25" and GFP-SN25 L G/S expressing cells (ACu(WT) = 236 + 18.8; ACm(KO) = 20 + 3.6, and
ACm(GFP-SN25 L G/S) = 18 + 2.8 fF; P = 0.991 for uninfected vs SN25 LG/S; Figure 15C), again
emphasizing that the mutant is incapable to reinstate secretion.

Expression of GFP-SN25 L G/S mutant in SNAP-25" cells also failed to rescue exocytosis to WT
SN25 Levels when using longer-lasting stimuli (Figure 15D and E): Infusion of 19 uM free Ca?* containing
solution for 5 min via the patch pipette resulted in a ACv of 2.5 £ 0.18 pF (n = 18) for WT SNAP-25, while
SN25 L G/S expression yielded 0.386 + 0.10 pF (n = 14), which was statistically not different from ACw of
uninfected cells (0.255 + 0.08 pF, n = 11). Therefore, the diminished secretory response observed for SN25
L G/S within Ca?*-uncaging experiments is not due to delayed release but rather indicates fusion
incompetence. To test for a possible dominant-negative effect of the mutant protein, we also overexpressed
GFP-SN25 L G/S mutant in SNAP-25 WT cells using 19 uM free Ca?*to stimulate secretion for 5 min.
Indeed, we found that overexpression of GFP-SN25 L G/S significantly decreased total release (1.85+0.156
pF (n = 14); SNAP-25 WT overexpression: 2.63 + 0.20 pF, n = 18, P < 0.05). Given this dominant-negative
phenotype, it is expected that the mutant is still capable of substituting for endogenous SNAP-25 WT in the
fusion complex but fails to drive exocytosis. Hence, the native primary structure and biophysical properties
of the SN25 linker domain are critical for normal secretion, casting doubt on its postulated role as a simple

connector peptide.
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Figure 15 Physical linkage between SNARE motifs is not enough for secretion.

(A) Cartoon showing the rescue paradigm: GFP-SN25 L G/S (exchange from aa 83-141). (B) Electrophysiological
characterization of secretion in uninfected KO cells (grey), KO cells expressing GFP-SN25 L G/S (violet), and KO
cells rescued with WT protein (black). (C) Quantitative analysis of capacitance measurements for total release (left
figure), fast burst (right), and sustained release (bottom figure). All data are given as mean + SEM. n is depicted in
each panel. Statistical testing was done by ANOVA with Tukey post-hoc test. (D) Capacitance measurements upon
overexpression of GFP-SN25 L G/S in SNAP-25" cells (higher panel) or WT cells (lower) and stimulation with 19
UM free Ca?* for 3 min. (E) Quantitative analysis of capacitance measurements for total release in SNAP-25"" (upper
figure) or WT cells (lower figure).

1.8 The SN25 linker is essential for fast and efficient SNARE assembly

Given that SN25 L G/S failed to rescue exocytosis, we wondered whether the mutant protein is still
capable to successfully engage in SNARE complex assembly. Formation of ternary SNARE complexes was
biochemically assayed by mixing bacterially purified Stx-1A and Syb-2 together with SNAP-25 WT or
SN25 L G/S mutant at equimolar concentrations (Figure 16). As an additional negative control, we also
used a mixture of the separate SNAP-25 SNARE motifs, SN1 (aa 1-82) and SN2 (aa 142-206), instead of
the SNAP-25 full length protein. All samples were incubated at room temperature under moderate agitation,
and the assembly of SNARE complexes was terminated by addition of SDS containing sample buffer at
different time points. SDS-resistant SNARE complexes were visualized on SDS-PAGE gels using
coomassie brilliant blue dye. Interestingly, SN25 L G/S formed ternary complexes with Stx-1A and Syb-2
at rates that were significantly slower than WT SNAP-25, but still faster than the two separate SN1/SN2
motifs. Fitting the assembly curve with a biexponential function revealed that the initial onset rate was
significantly decreased for the mutant compared with the WT protein (rate = 2.19*10° + 0.17*10¢° a.u. for
SN25 L G/S and 4.37*10° + 0.52*10° a.u. for WT; P <0.01) (Figure 16 A-D). The absolute levels of SNARE
complexes formed by SNAP-25 WT were slightly, but not significantly, higher than SN25 L G/S (Figure
16 D). That said, the final level as well as the initial rate of complex formation was significantly decreased
for separate SN1 and SN2 fragments compared to SNAP-25 WT. These results indicate that the native linker
can facilitate SNARE complex assembly, either by bringing SNARE motifs into an advantageous

conformation for nucleation and/or by stabilizing interaction with other parts of the assembling complex.

SN25 L G/S as well as separate SNAP-25 SNARE motifs assemble into SNARE complexes with higher
than usual molecular weight (~150kDa) (Fig. 16B,C). Fdez et al. (2008) previously reported this behavior
for complexes composed of linker-less SN1 and SN2 fragments, demonstrating the formation of SNARE
complex dimers, wherein the C-terminal ends of two fully-assembled complexes connect through

interactions of the juxta-membrane domain of Syb-2. Interestingly, our experiments with SN25 L G/S now
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suggest that linker motifs inhibit the SNARE interactions underlying dimerization, implying that the N-
terminal linker region binds to and masks “sticky” surfaces on the C-terminal portion of the SNARE
complex. In summary, our data show that the SN25 linker domain supports fast SNARE assembly and
determines biochemical properties of such complexes.
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Figure 16 SNAP-25 linker speeds up SNARE complex formation.

Representative gels of ternary SNARE complex formation. Purified SNAP-25 WT (A), SN25 L G/S (B), or separated
SN1 and SN2 (C) were mixed with equimolar amounts of Stx-1A and Syb-2, and SNARE complex formation was
analyzed by SDS PAGE after different times (indicated above lanes). (D) Quantification of the amount of SNARE
complexes formed at specific time points for each condition. (E) Time constants of formed SNARE complexes fitted
with a biexponential function for each condition. All data are given as mean £ SEM. n is depicted in each panel.
Statistical testing was done by ANOVA with Tukey post-hoc test.

1.9 The SN25 linker is involved in acceptor complex formation

According to current mechanistic models, SNAP-25 and Stx-1A initially form a so-called acceptor
complex, which serves as a platform for Syb-2 binding and ternary complex nucleation (Chen et al., 2001;
Fasshauer and Margittai, 2004; Ma et al., 2013). Since SN25 L G/S showed a decreased rate of SNARE
complex formation, we then investigated whether this mutant can normally interact with Stx-1A. For this
purpose, the retention of SNAP-25 WT, SN25 L G/S and complementary SNAP-25 fragments on
immobilized Stx-1A was tested. A pull-down assay was established, wherein GST-Stx-1A was first bound

to glutathione-sepharose beads, and WT or mutant protein were incubated with the beads for 20 h at 4°C.
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After extensive washing, retained proteins were analyzed by SDS-PAGE. We observed that WT SNAP-25
remained bound on immobilized GST-Stx with a molar ratio nSNAP-25/ngst.sx 0f ~0.7 (n = 6, Figure 17A
and B). As for the SN25 L G/S mutant, the fraction of retained mutant protein was significantly decreased
compared to controls (around 50% lower molar ration compared to WT protein, Figure 17). When a mixture
of linker-less SN1 and SN2 fragments was incubated with GST-Stx-1A beads, the SN1 fragment showed
significantly lower but still substantial binding to Stx-1A, while SN2 was only retained in traces on the
beads (Figure 17 A). Testing another set of SNAP-25 fragments, in which a continuous SN1-linker fragment
(SN1-L) was combined with isolated SN2, yielded the same result. However, in the reverse situation, when
SN1 was mixed with a continuous linker-SN2 (L-SN2) fragment, significant amounts of L-SN2 were found
on beads, and the molar fraction of retained SN1 was almost increased to the level found for WT SNAP-25
(Figure 17 A, lower panel). The SN2 interaction with Stx-1A was dramatically increased from almost no
interaction to ~ 0.5 relative molar retention on immobilized GST-Stx-1A (Figure 17 B). Moreover, the
increased retention of L-SN2 in comparison to isolated SN2 was dependent on the presence of SN1, as only

negligible amounts of L-SN2 were pulled down by GST-Stx-1A when SN1 was not in the mix.
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Figure 17 Pull down assay of SNAP-25 on immobilized GST-Stx1A.

(A) Coomassie stained gels showing the load (L) of SNAP-25 WT or SNAP-25 mutants on Stx1A containing beads
(B) with bound SNAP-25 WT (or mutants) fraction and the supernatant (S). (B) Quantification of the SNAP-25 WT
(or SNAP-25 mutants) retention on Stx1A GST beads. GST-GFP was used as a negative control for binding
specificity. The average retention ratio nprey/nStx-1A was calculated for each protein/fragment. All data are plotted
as mean + SEM, Statistical analysis was done with ANOVA test. (C) Cartoon showing the schematic diagram of the
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pull down experiment; WT or bacterially purified mutants were mixed with Syb-2 GST fusion protein as well as Stx-
1A in 3 uM each and quantified the amount of SNARE complexes formed after incubation for 18 h, at RT.

In summary, we found that linker motifs are required for normal t-SNARE interactions. Our experiments
with SNAP-25 fragments suggest the presence of certain functional units that interact with each other in
binary acceptor complexes: SN1 can directly interact with the helical H3-domain of Stx-1A. The linker must
be attached to SN2 in order to support its association with SN1:H3 complexes, possibly increasing the
helicity of SN2 through direct interactions. The decreased Stx-1A interactions of SN25 L G/S might also
hinder ternary SNARE complex nucleation and thus may account for the observed decrease in assembly

rate.
1.10 Function of N- and C- terminal linker regions in LDCV exocytosis

To identify specific functions associated with different linker subregions, we constructed two
additional linker mutants, in which either the N- (aa 83-118) or the C-terminal portion (aa 119-140) of was
substituted by a flexible peptide. The subdivision of the linker in two parts was primarily based on earlier
findings: The N-terminal two-thirds of the linker is responsible for proper acylation of the linker (Gonzalo
and Linder, 1998). The C-terminal part has been associated with core complex binding (Sutton et al., 1998)
and the expression of isoform-specific differences in secretion properties (Nagy et al., 2008). N- and C-
terminal linker regions were exchanged with G/S repeats, called SN25 LN G/S and SN25 LC G/S
respectively. The N-terminally GFP tagged mutants were expressed in SNAP-25"- chromaffin cells in order
to check their capability to rescue secretion (Figure 18A; Figure 19A). Cells expressing either mutant, SN24
LN G/S or SN25 LC G/S, showed very similar secretory responses upon stimulation by Ca?*-uncaging. Most
intriguingly, their phenotypes were characterized by a dramatically diminished RRP [RRP(SN25 LN G/S)
=0 vs WT =91 + 838, while RRP(SN25 LC G/S =5+ 2 vs WT = 125 + 11.7 fF] and a significantly
compromised SRP, indicating that both linker regions are important for proper exocytosis (Figure 18B;
Figure 19B). The stimulation-secretion coupling for both mutants was weakened, as indicated by a

significantly increased delayed onset of release after stimulation (Figure 18C; Figure 19C).

The cluster of four conserved cysteine residues in the N-terminal linker region was eliminated in SN25
LN G/S but not in SN25 LC G/S. As the loss of the membrane acyl-anchors should have dramatic
consequences on the localization of SNAP-25, we investigated the subcellular distribution of GFP-tagged
mutants using confocal microscopy. For this purpose we acquired confocal images near the equatorial plane
of the near-spherical chromaffin cells and analyzed the protein distribution in the vicinity of the plasma
membrane using “scanlines”, which were set in an orthogonal orientation onto the plasma membrane

segment. All scanlines were aligned to the x-coordinate marking the maximum of the first derivative, which
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should most closely reflect the outer perimeter of the cell. Our analysis revealed a similar fluorescence
distribution for WT protein and SN25 LC G/S mutant, which exhibited undistinguishable fluorescence peak
values at the presumed position of the plasma membrane (WT:16844 + 1063 a.u., n = 23; SN25 LC G/S:
17848 £ 1227 a.u., n = 23). For reference we also included a non-acylated mutant SN25-cys, in which the
four cysteines were substituted by serines residues. As expected, SN25 LN G/S as well as SN25-cys
exhibited no obvious local fluorescence maximum near the putative position of the plasma membrane.
Rather, fluorescence steadily increased until the cytosolic level was reached. At the presumed location of
the plasma membrane the SN25-cys and SN25 LN G/S exhibited fluorescence intensities that were
significantly smaller than in WT controls (SN25-cys: 12436 + 1036; n = 23; SN25 LN G/S: 13200 + 1046,
n = 22; P <0.05). Thus, we could confirm that acylation is important for membrane targeting of SNAP-25,
as described before (Nagy et al., 2008). That said, it should be noted that the effective concentration of
SNAP-25 at the plasma membrane was possibly only moderately decreased in these experiments, as the
high expression level in our model system allows for a high supply of non-acylated protein in direct vicinity

of the membrane.

To address whether the secretory phenotype of SN25 L G/S simply reflects the mislocalization and reduced
availability of the mutant proteins at the plasma membrane, we comparatively characterized the secretion
properties of the acylation-deficient mutant SN25-cys. In accordance with an earlier study (Nagy et al.,
2008), we demonstrate here that expression of SN25-cys could restore around 70% of the total WT response
under our experimental conditions (ACm(SN25-cys) = 235 + 16.8, and ACm(WT) =340 + 22 fF; Figure 18B
and C). As the phenotype of this minimal acylation mutant SN25-cys is relatively mild compared to the
complete N-terminal substitution mutant, the severe secretion deficits of SN25 LN G/S cannot just be the
sole result of protein mislocalization. Thus, the deficits observed in SN25 L G/S-expressing cells rather

indicate a loss of functional motifs within the N-terminal linker region.

Despite relative high response from SN25-cys mutant, the SN25-cys exhibited certain release deficits. The
ready releasable pool was significantly decreased and slowed down indicating a possible triggering
phenotype. The sustained component, reflecting the priming process of newly docked vesicles, was also
negatively affected. The first interpretation to such release inefficiency is due to the lack of stable interaction
of the mutant with the plasma membrane. This could lead to a scenario, in which the SN25- cys mutant fails
in properly pulling the membrane during the SNARES zippering leading to hampered force transduction.
The force transduction theory was then tested by following complementary experiments. The SNAP-25 WT
ready releasable pool (WTrre) Was 91 + 8.8 fF while the SN25-cysgrre 18 + 5.2 fF and no RRP for the SN25
LN G/S mutant was detected (P < 0.001). The time constant of the RRP (WTrrre) Was significantly faster
than that of cysteine deficient mutants (SN25-cystrre) Yielding 12 + 0.09 and 23 + 0.29 ms respectively;
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P < 0.001; Figure 18 B and C. WTsgrp was 97 + 7.2 fF and SN25-cyssge Was 113 + 11 fF; that were both
significantly higher than SN25 LN G/Ssrp that was 41 + 14 fF (P < 0.001 and 0.01, respectively). WTsre
(130 + 10 ms) was significantly faster than SN25-cystsre (241 + 33); P < 0.01. SN25 LN G/Srsre Was
significantly slower than WTrsre (307 £ 73); P < 0.05 (Figure 18 C). The sustained release rate of WT
(WTss) was significantly higher than SN25-cysss and SN25 LN G/Sgs (30 £ 2,19 + 1.7, and 19 + 2.8 fF/s
respectively; P < 0.01 and 0.05 respectively) (Figure 18 C). The delay between onset of stimulation and
secretion for SN25 WT (WT gelay) Was 2 = 0.4 ms while 6.5 + 0.6 and 19 £ 3 ms for SN25-cys and SN25 LN
G/S. WTaelay Was significantly faster than SN25-CySgelay and SN25 LN G/Seelay (P < 0.05 and < 0.001,
respectively) (Figure 18 C). SN25-cysqelay Was significantly shorter than SN25 LN G/Sgeiy (P < 0.001)
(Figure 18 C). On the other hand, WTgge Was significantly higher than SN25 LC G/Sgre (124 £ 11, 5.4 +
2.7 fF, respectively; P < 0.001); Figure 19 B and C. WT+rre Was significantly faster than SN25 LC G/Strre
(13 £0.7, 57 + 8 ms, respectively; P <0.001); Figure 19 C. WTsgrp Was significantly higher than SN25 LC
G/Ssre (93 £10, 27 + 8 fF, respectively; P < 0.001); Figure 19 C. WTrsre Was significantly faster than SN25
LC G/Stsre (122 £ 10, 253 + 55 ms, respectively; P < 0.001); Figure 19 C. WTs was significantly higher
than SN25 LC G/Sss (30 = 3.4, 18 £ 3.1 fF/s) ; Figure 19 C. Finally, the delay of secretion for SNAP-25
WT was significantly shorter than that of SN25 LC G/S mutant (1.6 + 0.3, 17.5 £ 4.6 ms, respectively;
P <0.001); Figure 19 C. Thus, the deficits observed by SN25 L G/S and SN25 LN G/S could be not only
due to mislocalization of the proteins but rather due to loss of important amino acids needed for exocytosis

to take place efficiently.
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Figure 18 N-terminal linker regions promote secretion.

(A) Cartoon showing structure of the mutants: GFP-SN25 LN G/S where amino acids 82-118 were substituted with
against Glycine-Serine residues while GFP-SN25-cys where cysteine residues of the linker were exchanged with
Serine residues. (B) Electrophysiological characterization of secretion shown as averaged traces for [Ca?*]i (top),
capacitance measurements (middle) and amperometric recordings (bottom) in KO cells expressing GFP-SN25 LN G/S
(cyan), GFP-SN25-cys (orange), or WT protein (black). (C) The mean amplitudes of RRP and SRP and their
corresponding time constants TRRP and 1SRP are depicted for the fast burst component. The mean sustained release
rates describe the linear release component. The exocytic delay indicates the time interval between flash application
and secretion onset. All data is plotted as mean + SEM, statistical analysis was done with ANOVA test.
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Figure 19 C-terminal linker stabilizes forward priming.

(A) Cartoon showing structure of the mutants: GFP-SN25 LC G/S where amino acids 118-142 were substituted with
with glycine-serine residues. (B) Electrophysiological characterization of secretion shown as averaged traces for
[Ca?]i (top), capacitance measurements (middle) and amperometric recordings (bottom) in KO cells expressing GFP-
SN25 LC G/S (blue), or WT protein (black). (C) The mean amplitudes of RRP and SRP and their corresponding time
constants TRRP and tSRP are depicted for the fast burst component. The mean sustained release rates describe the
linear release component. The exocytic delay indicates the time interval between flash application and secretion onset.
All data is plotted as mean + SEM, statistical analysis was done with student’s t-test.
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Figure 20 N-terminal linker region is responsible for anchorage of the SNAP-25 to plasma
membrane.

(A) Confocal exemplary images of the four tested conditions; SNAP-25 WT, SN25-cys,SN25 LN G/S and SN25 LC
G/S (B) Quantitative analysis of the concentration of the SNAP-25 WT and mutants on the plasma membrane. A set
point of “0” was determined as the maximum slope of increase of fluorescence when a line of ~ 3.5 UM was taken
across the plasma membrane. All data is plotted as mean = SEM, statistical analysis was done with ANOVA via Tukey
test.

1.11 N- and C- terminal regions of the linker have different effects on syntaxin

interaction

Given our findings that the linker is involved in formation of stable binary t-SNARE complexes, we
wondered whether the N- or C-terminal substitution of the linker regions affects SNAP-25:Stx-1A
interactions. To address this question we employed a pull-down assay using immobilized GST-Stx-1A
(Figure 21 A and B), as described before. Interestingly, we found that comparable amounts of protein were
retained on beads after incubation with SN25 LN G/S or WT SNAP-25, suggesting that the N-terminal
linker is dispensable for Stx-interactions. In contrast, the relative molar retention of the mutant protein was
significantly lowered for SN25 LC G/S in comparison to WT protein (Figure 21 B). Thus, only the C-
terminal linker segment seems to be critical for efficient t-SNARE interactions. As a complementary
approach, we also investigated the retention of mutant L-SN2 fragments on immobilized Stx-1A in the
presence of free SN1. In previous experiments, we established that the linker domain can facilitate the
association of SN2 fragments with SN1:Stx H3-containing complexes. Somewhat incongruent to our
experiments with full-length protein, we found that substitution of N- or C-terminal linker sections by a
flexible peptide interfered with association of L-SN2 to Stx-1A. That said, it should be noted that in LN
G/S-SN2 fragments two thirds of the attached linker is completely unstructured due to the substitution and
could pose an obstacle for association with SN1:Stx-H3. This problem might be partly abated in the full-
length protein, thus accounting for the apparent differences in Stx binding. In summary, our data points to
a requirement for the C-terminal linker region in productive t-SNARE interactions. The role of the N-
terminal section is presumably limited to providing an overall suitable linker conformation for C-terminal
interaction with SN2 and/or the SN1:Stx-H3 assembly.
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Figure 21 Differential role of SNAP-25 linker regions on SNAP-25:Stx1A interaction.

(A) Coomassie stained gels showing the load (L) as SNAP-25 WT or SNAP-25 mutants, Stx1A containing beads
(B) with bound SNAP-25WT (or mutants) fraction and the supernatant (S). (B) Quantification of the SNAP-25 WT
(or SNAP-25 mutants) retention on Stx-GST beads. GST-GFP was used as a negative control for binding specificity.
The average retention ratio nprey/nStx-1A was calculated for each protein/fragment. All data is plotted as mean +
SEM, statistical analysis was done with ANOVA test.
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1.12 Tension within the linker peptide is not critical for secretion

The SNARE core complex resembles a rod-like structure, whose total length of about 12 nm must be
bridged by the SN25 linker (Sutton et al., 1998), so that SN1 and SN2 can enter the complex in parallel
orientation. While the 60 aa long linker domain would be long enough to span the distance, molecular
dynamic simulations have raised the idea that tension within the linker could interfere with SNARE
assembly, if linker length is slightly shortened by crosslinking of cysteine residues by disulfide bridges
(Bock et al., 2010). If light tension would indeed build up during SNARE complex formation due to the
limited length of the linker, it could be an important determinant for the energetic landscape of core complex
assembly. In order to investigate this idea, we generated and characterized two mutants, in which the linker
was artificially extended. In one variant, denoted SN25 ext7aa, we extended the SN25 linker by seven amino
acids using short inserts found in the slightly longer N-terminal linker segment of SNAP-23, the closest
isoform to SNAP-25 (Figure 22A). A second extension mutant, called SN25 ext14aa, was generated by an
additional insertion of seven amino acids before the beginning of the C-terminal linker region in SN25
ext7aa (Figure 22A). This inserted peptide in SN25 extl4aa contained a varied sequence of glycine and
serine to avoid any possible formation of secondary structure. GFP-SN25 ext7aa did not show any signs of
compromised or altered secretion when compared to corresponding WT controls [RRP(WT) = 139 + 21 fF
(n =25) vs. RRP(SN25 ext7aa) = 144 + 19 fF (n = 25); trrp(WT) = 22.4 £ 2.1 ms vs. trrp(SN25 ext7aa) =
24.8 + 2.6 ms; SRP(WT) = 111 + 23 fF vs. SRP(SN25 ext7aa) = 116 + 25 fF; tsrp(WT) = 152 + 20 ms V5.
tsrr(SN25 ext7aa) = 173 + 25 ms; sust.rate(WT) = 32 + 2.9 fF/s vs. sust.rate(SN25 ext7aa) = 30 + 3.6 fF;
delay(WT) = 3.7 £0.77 vs. delay(SN25 ext7aa) = 4 £ 0.96]; Figure 22 A-C. Also in the GFP-SN25 extl14aa-
expressing cells no significant deficits in release could be observed (Figure 23 A). [RRP(WT) =173 + 35
fF (n = 21) vs RRP(SN25 extl4aa) = 168 + 28 fF (n = 17) trre(WT) = 30 £ 5.7 ms vs. trrp(SN25 ext14aa)
=31 £ 3.4 ms; SRP(WT) =89.5 £ 14.7 fF vs. SRP(SN25 extl4aa) = 79.9 + 15.1 fF; tsrp(WT) = 154 + 26
ms vs. tsre(SN25 extldaa) = 196 + 33 ms; sust.rate(WT) = 30 £ 2.8 fF/s vs. sust.rate(SN25 extl4aa) = 42
+ 6 fF; delay(WT) =4 £ 0.9 vs. delay(SN25 extl4aa) = 3.7 £ 0.7]; Figure 23 B and C. These results indicate
that linker length is not a critical determinant for secretion. Clearly, linker tension is not required for the

stabilization fusion intermediates, as might have been expected.
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Figure 22 Overall extension of the linker does not change release properties.

(A) Cartoon showing GFP-SNAP-25 WT vs elongated mutant GFP-SN25 ext7aa. Extension was at the N-terminal
linker region to match the corresponding sequence in SNAP-23, which is seven amino acids longer. (B)
Electrophysiological analysis of secretion in SNAP-25 KO cells expressing GFP-SN25 ext7aa (green) or WT control
(black). Averaged traces show [Ca?*]; measurements (top), capacitance change (middle) and amperometric currents
(bottom) in Ca?*-uncaging experiments. No significant changes between WT and extension mutant. (C) Quantification
of kinetic parameters. Mean amplitudes of RRP and SRP as well as their corresponding time constants tfast and slow,
sustained release rate, and stimulation secretion delay were determined. Quantitative analysis showing no significant
difference between extension mutant and its WT control. All displayed data are presented as mean + SEM. n is depicted
in panel B. Student’s t-test was performed for each parameter.
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Figure 23 Overall extension of the linker does not change release properties.

(A) Cartoon showing GFP-SNAP-25 WT vs elongated mutant GFP-SN25 ext14aa. Extension was at the N-terminal
linker region to match the corresponding sequence in SNAP-23 in addition to seven extra amino acids making the
mutant fourteen amino acids longer. (B) Electrophysiological analysis of secretion in SNAP-25 KO cells expressing
GFP-SN25 ext14aa (brown) or WT control (black). Averaged traces show [Ca?*]; measurements (top), capacitance
change (middle) and amperometric currents (bottom) in Ca?*-uncaging experiments. No significant changes between
WT and extension mutant. (C) Quantification of kinetic parameters. Mean amplitudes of RRP and SRP as well as their
corresponding time constants tfast and slow, sustained release rate, and stimulation secretion delay were determined.
Quantitative analysis showing no significant difference between extension mutant and its WT control. All displayed
data are presented as mean + SEM. n is depicted in panel B. Student’s t-test was performed for each parameter.

1.13 Shortening of the linker boosts total secretion

As the extension of the SN25 linker is functionally well tolerated, we next wondered about the effects
of linker shortening. Previous molecular dynamic simulations predicted that a decrease in linker length after
formation of disulfide bridges would be detrimental to exocytosis (Bock et al., 2010), but the specific
mechanistic effects on priming and triggering were unclear. To address this point, we generated a mutant

variant with minor deletions in the N-terminal domain. For this purpose, we identified N-terminal linker
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positions that exhibit noticeable variation in SNAP-25 orthologs throughout the animal kingdom (Figure

24). Four residues following the acylation motif were selected for elimination according to this conservation

102 104 107

criterion: tyrosine’®, lysine'®, alanine’®, and asparagine'®’ were the least conserved amino acids comparing

SNAP-25 isoforms from the animal kingdom.

danio_sn25 GEQLERIEEGMDQINKDMKDAEKNLNDLGKFCGLCSCPCNKMK-—--SG-ASK-AWGNNQD
carassius_sn25 GEQLERIEEGMDQINKDMKDAEKNLNDLGKEFCGLCSCPCNKMK-—---5SGG-SK-AWGNNQD
cynops_sn25 GEQLDRVEEGMNHINQDMKEAEKNLKDLGKCCGLFICPCNKLK----SSDAYKKAWGNNQD
xenopus_sn2b5 GEQLERIEEGMEQINKDMKEAEKNLTDLGKFCGLCVCPCNKLK—-—-—--SSDAYKKAWGNNQD
Gekko GEQLERIEEGMDQINKDMKEAEKNLTDLGKFCGLCACPCNKLK----SSDAYKKAWGNNQD
ophiophagus sn25 GEQLERIEEGMDQINKDMKEAEKNLTDLGKEFCGLCACPCNKLK----SSDAYKKAWGNNQD
hom sn25 GEQLDRVEEGMNHINQDMKEAEKNLKDLGKCCGLFICPCNKLK—----SSDAYKKAWGNNQD
rattus sn25 GEQLDRVEEGMNHINQDMKEAEKNLKDLGKCCGLFICPCNKLK-—---SSDAYKKAWGNNQD
gallus snZ5 GEQLERIEEGMDQINKDMKEAEKNLTDLGKFCGLCVCPCNKLK----SSDAYKKAWGNNQD
mus_snzb GEQLERIEEGMDQINKDMKEAEKNLTDLGKFCGLCVCPCNKLK-—-—--SSDAYKKAWGNNQD
pongo_snz5 GEQLERIEEGMDQINKDMKEAEKNSTDLGKFCGLCVCPCNKLK-—---SSDAYKKAWGNNQD

celegans_ sn25
dorytheutis sn25

GEQLERCEGALDTINQDMKEAEDHLKGMEKCCGLCVLPWNKTDDFEK-TE-FAKAWKKDDD
GEQLDRIEEGLDQINQDMKDAEKNLEGMEKCCGLCVLPWKRGKSFEKSGD-YANTWKKDDD

Drome_sn24 GEQLDRIEEGMDRINADMREAEKNLSGMEKCCGICVLPWKKVNI----KDDGESAWKANDD
ceratitis Sn25 GEQLDRIEEGMDRINADMREAEKNLSGMEKCCGLCVVPWKKVAI----KDDGDHAWKANED
Procambarus_sn25 GEQLDRIEEGMDQINADMKEAEKNLTGMEKCCGLCVLPCNK----SSQFKEDESTWKGKED
drome_ sn25 GEQLDRIEEGMDQINADMREAEKNLSGMEKCCGICVLPCNK----SQSFKEDDGTWKGNDD

Figure 24 SNAP-25 alignment between different species among the animal kingdom.

Alignment of the N-terminal sequence of the SNAP-25 between different isoforms in the animal kingdom. tyrosine!®;
lysine'®, alanine'®, and asparagine'®” were of the least conserved amino acids among the animal kingdom when
comparing vertebrates’ vs invertebrates. Thus, it was of the choice to be omitted. Lysine!®? was followed by another
Lysine'% and such amino acids were more prominent to omission.

The corresponding mutant was denoted SN25-4aa, as its linker was shortened by a total of four amino acids.
Even though we expected an adverse effect on secretion, expression of GFP-SN25 -4AA in SNAP-257 cells
significantly increased total release over the level of WT control cells (Figure 25A); ACu5 s(WT) = 395 +
34.9 vs ACmb5 s(SN25-4aa) = 565 * 21.9 fF, P = 0.00265). This “boost” of the secretory response selectively
elevated SRP-mediated release [SRP(WT) = 93.7 £ 10.1 fF, n = 29 vs. SRP(SN25-4aa) = 189.8 + 16.5 fF,
n = 32, p < 0.05], while the rate of SRP-mediated release was unchanged [tsrp(WT) = 121.1 £ 11.7 ms vs.
tsrr(SN25-4aa) = 154.2 + 15.7] (Figure 25 B). The RRP-mediated release component also remained
unaltered [RRP(WT) =195 + 26.2 fF vs. RRP(SN25-4aa) = 225.2 + 23.4 fF; tsrp(WT) = 19.4 £ 1.1 ms vs.
tsrr(SN25-4aa) = 23.9 + 1.6 ms]. Likewise, analysis of sustained release [sust. rel.(WT) = 21.8 £ 2.1 fF/S
vs. sust. rel.(SN25-4aa) = 28 + 3.3 fF/s] and exocytotic delay [delay(WT) = 3.3 £ 0.36 ms vs. delay(SN25-
4aa) = 4.4 £ 0.42 ms] did not reveal any significant differences (Figure 25 C). Thus, our data suggests that
slightly shortening the linker can selectively stabilize SRP vesicles, possibly by shifting the energetic
landscape in a way that attenuates vesicle depriming. However, other mechanistic explanations including a
specific function of the N-terminal linker segment in pool maintenance may also apply. In any case, the

unique phenotypical combination of an increased SRP and an unchanged RRP also suggests that the
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transition rate to the highly fusogenic mechanistic state is independent of the filling of the SRP, casting
doubt that SRP vesicles simply mature into RRP vesicles over time.
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Figure 25 linker shortening caused significant increase of SRP size.

(A) Cartoon showing GFP-SN25 WT (black) vs GFP-SN25 -4AA (magenta). (B) Characterization of secretion in KO
cells expressing GFP-SN25 WT or mutant. Shown are averaged [Ca?*]i measurements (top), capacitance traces
(middle) and amperometric recordings (bottom). (C) Comparative electrophysiological analysis of secretion in GFP-
SNAP-25 WT (black) and GFP-SN25 -4AA (purple) expressing KO cells. n is depicted in panel B. Comparison was
performed using student’s t test.
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1.14 Mechanistic role of the acylation motif within the SN25 linker

The kinetic deceleration of secretion seen in acylation-deficient SNAP-25 mutants, especially in
SN25-cys, may indicate that the N-terminal linker is mechanistically involved in fusion triggering.
However, the interpretation of these phenotypes is complicated by mislocalization of the mutants, which
cease to be membrane—anchored (Nagy et al., 2008). To clarify whether the loss of membrane localization
is primarily responsible for the observed secretion deficits, we targeted the SN25-cys mutant back to the
plasma membrane by a second acylation motif. For this purpose, we N-terminally fused the minimal
acylation motif of SNAP-25 (aa 85-120) with the GFP-tag used to visualize the mutant (Figure 26A),
resulting in P-GFP-SN25-cys.

A SN25: aa 83-120 SN25: aa 1-206 SN25: aa 83-120 SN25: aa 1-206
@ SN SN2 @ SNT SN2
P-GFP-SN25 wt P-GFP-SN25 -cys
2
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Figure 26 linker extra acylation site of the SNAP-25.

(A) Cartoon showing the rescue paradigm: extra acylated SNAP-25 WT (left panel), and SN25-cys (right panel) N-
terminally to the GFP fluorophore. (B) Confocal exemplary images of the two conditions; P-GFP-SN25 WT, and P-
GFP-SN25-cys (C) Quantitative analysis of the concentration of the SNAP-25 WT and mutants on the plasma
membrane. A set point of “0” was determined as the maximum slope of increase of fluorescence when a line of
~3.5 UM was taken across the plasma membrane. n is depicted in panel C. All data is plotted as mean + SEM, statistical
analysis was done with student’s t-test.

The same extra acylation sequence was also added to WT SNAP-25, generating P-GFP-SN25 WT as a
control vector. Expression of retargeted WT and mutant SNAP-25 in SNAP-25" cells resulted in strong
GFP fluorescence intensity at the plasma membrane, which suggests that both variants are efficiently
acylated and membrane-anchored (Figure 26; B and C). We measured the peak fluorescence in aligned,
orthogonal line scans and found no significant difference between retargeted mutant and WT protein [WT:
5845 + 620 a.u., n = 21; SN25 LC G/S: 7680 + 937, n = 23; P = 0.117].
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On a functional level, P-GFP-SN25 WT fully restored secretion in SNAP-25" cells, reaching a similar level
of release as GFP-SN25 WT without the second acylation motif (Figure 27 A-C). Intriguingly, P-GFP-
SN25-cys mediated slower and lower secretory responses compared to controls, therefore largely retaining
the key features of the secretion phenotype of the original SN25-cys mutant. A detailed kinetic analysis
showed that the RRP in P-SN25-cys-expressing cells was significantly lower than in control cells expressing
P-GFP-SN25 WT (60 £+ 12.7 fF, n=25vs. 102 + 11.9 fF, n = 26; P = 0.019) (Figure 27 B and C). Moreover,
the RRP time constant trre in cells expressing the mutant was significantly higher than for controls (31 £ 5
ms vs. 18 + 2 ms; P = 0.021). While the SRP component was similar for mutant and WT (138 + 16 vs 107
+ 12 ms), the SRP time constant was however significantly increased in cells expressing the mutant in
comparison to cells expressing WT SNAP-25 (214 £ 17 ms vs. 159 + 18 ms; P = 0.04). As a deviation from
the phenotypical profile of the original SN25-cys mutant, no significant difference in sustained rates of
P-GFP SN25-cys and P-GFP-SN25 WT was observed, indicating that the aspect of the original phenotype

might indeed be due to a reduction in the plasma membrane expression reducing forward priming.

In conclusion, our retargeting experiment points out that the exact position of acylation on SNAP-25 is
mechanistically important. While a second N-terminal acylation motif can reestablish normal membrane
localization, it is not sufficient to substitute for the original linker-based acylation site with respect to

efficient secretion.
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Figure 27 The role of linker acylation in exocytosis.

(A) Cartoon showing the design of extra acylation added to either WT or SN25-cys proteins (B) Averaged traces for
[Ca**]i (top), capacitance measurements (middle) and amperometric recordings (bottom) in KO cells expressing P-
GFP-SN25 WT or P-GFP-SN25-cys (Pantone), or WT protein (black). (C) The mean amplitudes of RRP and SRP and
their corresponding time constants TRRP and tSRP are depicted for the fast burst component. The mean sustained
release rates describe the linear release component. The exocytic delay indicates the time interval between flash
application and secretion onset. n is depicted in panel B. All data is plotted as mean £ SEM, statistical analysis was
done with student’s t-test.

1.15 Spacer insertions between SN1 and the linker affect fusion triggering, but

do not interfere with force transduction

In all vertebrate orthologs of SNAP-25, the linker acylation motif directly adjoins the end of the
SNARE motif SN1, thus placing the SNAP-25 membrane anchors in direct vicinity of the C-terminal end
of the assembling SNARE complex. Given the conspicuous triggering phenotype of SN25-cys, we
wondered whether linker-mediated membrane contacts contribute to the SNARE force-induced membrane

straining that is believed to initiate bilayer merger. To investigate this mechanistic idea in detail, we
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generated linker mutants, in which the mechanical coupling between SN1 and acylation motif was inhibited
by insertion of short flexible spacer peptides. In detail, we constructed three linker insertion mutants, in
which 6, 10 or 14 residues of varied GGS sequence were inserted before K® (named SN25-shift 6aa, SN25-
shift 10aa, SN25-shift 14aa respectively; Figure 28A). While total secretion remained unchanged in cells
expressing the different spacer mutants, we found graded Kinetic changes of the secretory responses,
wherein spacer insertions of increasing length inducing a progressively intensifying slowdown of release
kinetics (Figure 28 B-D).

To better compare the different mutants, we normalized the results of our detailed kinetic analysis to the
corresponding WT values (Figure 28 C and D). While both primed vesicles pools (RRP and SRP) were
similar to controls for all three mutants, we found that the time constants for release of vesicles from RRP
and SRP were significantly prolonged, and that effect size increased in a correlated fashion with spacer
length [norm. trre (SN25-shift 6aa) = 1.49 + 0.11, n = 26; norm. trrp (SN25-shift 10aa) = 1.7 £ 0.14, n =
43; norm. trre (SN25-shift 14aa) = 3.5 £ 0.36, n = 34; P = 0.008 for (6aa vs. WT), P < 0.001 for (10aa vs.
WT), and P < 0.001 for (14aa vs. WT); norm. tsre (SN25-shift 6aa) = 1.5 £ 0.17; norm. tsre (SN25-shift
10aa) = 1.75 £ 0.16; norm. tsre (SN25-shift 14aa) = 1.7 £ 0.16; p = 0.008 for (6aa vs. WT), P < 0.001 for
(10aavs. WT), and P < 0.001 for (14aa vs. WT)]. Similarly, the onset of secretion was progressively delayed
with the length of the insertion [norm. delay (SN25-shift 6aa) = 1.76 £ 0.24; P = 0.014, norm. delay (SN25-
shift 10aa) = 2.62 = 0.24; P < 0.001 norm. delay (SN25-shift 14aa) = 5.571 + 1.11; p < 0.001]; Figure
28 B-D. Thus, altering the relative position of the membrane anchors within the linker clearly affects fusion
triggering, causing a slowdown of release that was reminiscent of the kinetic changes in SN25-cys. This
slowdown cannot not be explained by a general effect of linker length on SNARE complex function, as

similar-sized insertions within the linker (SN25 ext7aa/14aa) were inconsequential for secretion.
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Figure 28 Uncoupling the SN1 from the linker results in delayed secretion.

(A) Structure of the three tested uncoupling mutants, SN25 shift6/10/14aa in blue, green and red respectively. (B)
Characterization of secretion in KO cells expressing GFP-SN25 shiftl4aa in red; and WT in black). Shown are
averaged [Ca?*]i measurements (top), capacitance traces (middle) and amperometric recordings (bottom). (C)
Normalized first second of capacitance traces illustrating slow down kinetics of the uncoupling mutants and their
corresponding WT controls (D) Quantification of kinetic parameters for the three uncoupling mutations. n is depicted
in panel B. Statistical analyses were only performed between mutant and according control measurements (Student's

t-test).

The triggering defects of mutants carrying spacer insertions would in principle be consistent with reduced
force transfer from the core complex onto the plasma membrane. However, contrary to our findings, spacer
insertions in the juxta-membrane domain of Syb-2 have been previously been reported to dramatically
diminish secretion (Kesavan et al., 2007), which may indicate that the linker-mediated facilitatory process
is distinct from the general force transduction mechanism. To directly test the idea that the acyl anchors of

SNAP-25 are indeed used to strain the plasma membrane, we inserted the largest spacer into the acylated-
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deficient SN25-cys variant, thereby generating a double mutant called SN25-cys shift14aa (Figure 29A). If
our mechanistic notion was indeed true, removal of the membrane anchor should preclude any further
interference by spacer insertions, thus preventing an exacerbated secretion phenotype of the double mutant.
Intriguingly, however, our functional characterization clearly demonstrated more pronounced secretion
deficits in SN25-cys shift14aa compared to the original SN25-cys variant (Figure 29 B-D): While the mutant
only showed tendentially smaller primed vesicle pools [RRP(SN25-cys shiftl4aa ) = 17.3 £ 7.4 fF, n = 26
vs. RRP(SN25-cys) = 37 £ 5.2 fF, n = 24 vs. RRP(WT) = 108.3 £ 8 fF, n = 29; SRP(SN25-cys shift14aa) =
86 + 12.9 fF vs. SRP(SN25-cys) = 117.9 + 10.2 fF vs. SRP(WT) = 121 + 8.3 fF; P < 0.001 (WT vs SN25-
cys, and WT vs SN25-cys shiftl4aa, P = 0.27 (SN25-cys vs SN25-cys shiftl4aa)], we found significantly
increased time constants for release from both pools in comparison to SN25-cys [trre(SN25-Cys) = 24.7 £
3 ms vs. trre(SN25-cys shiftl4aa) = 39 + 5.9; P < 0.001, and tsre(SN25-cys) = 177 + 12 ms vs. tsrp(SN25-
cys shiftl4aa) = 299 + 28, P < 0.001]. Moreover, the exocytotic delay was prolonged in the double mutant
compared to the original variant SN25-cys [delay(SN25-cys) = 5.3 £ 0.5 ms vs delay(SN25-cys shiftl4aa) =
11.1 + 1.5 ms, P < 0.001], which is in agreement with the apparent weakening of stimulus-secretion
coupling. Sustained release was however indistinguishable between both mutants, but significantly lower
than in WT controls [sust. rel. (SN25-cys shiftl4aa) = 22.9 = 2.8 fF/s vs. sust. rel.(SN25-cys) = 23.1 £
1.39 fF/s vs. sust.rel.(WT) = 30 + 1.6 fF/s; P < 0.05 for both mutants vs. WT]; Figure 29 D.

In summary, we demonstrate here that the positioning of the acylation site within the SN25 linker is crucial
for fast vesicle, and specific membrane contacts of the linker at the C-terminal end of the core complex
likely play a mechanistic role in fusion triggering. However, the membrane anchors within the linker are
not part of the force transduction machinery that putatively induces membranes merger by molecular

straining of lipid bilayers.
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Figure 29 Acylated linker does not participate in SNARE-mediated force transfer.

(A) Cartoon showing GFP-SNAP-25 WT (black) vs the mutants GFP-SN25-cys and GFP-SN25-cys shift14aa (brick
red). (B) Characterization of secretion in KO cells expressing GFP-SNAP-25 WT or mutants. Shown are averaged
[Ca?*]i measurements (top), capacitance traces (middle) and amperometric recordings (bottom). (C) A normalized plot
of the secretory burst component further highlights the changed kinetics in the double mutant. All data are mean +
SEM, n is indicated in the corresponding panel. (D) Comparative electrophysiological analysis of secretion in GFP-
SN25-cys (orange), GFP-SN25-cys shiftl4aa (cinnabar), and WT protein-expressing KO cells (black). The
quantitative analysis of kinetic parameters showed an exacerbated phenotype. n is depicted in panel B. Multiple
comparisons were performed using ANOVA and Tukey-Kramer test.
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1.16 Supportive role of positively charged residues in the N-terminal linker

region

The exacerbated kinetic phenotype of SN25-cys shiftl4aa indicates that spacer insertion disrupts an
acylation-independent residual function of the N-terminal linker segment in fusion triggering. One
interpretation might be that the corresponding linker region still engages in interactions with the lipid
bilayers by an alternative mechanism. Indeed, positively charged amino acids within this region have been
suspected to interact with phospholipid head groups, allowing for transient membrane contacts (Weber et
al., 2017). To test the functional relevance of these potential interactions for release in SN25-cys-expressing
cells, we mutated five lysine residues in the very N-terminal linker segment (K®, K%, K%, K, K'%),
substituting each position by alanine (Figure 30 A). The corresponding variant, SN25-cys 5K/A, was tested
in Ca?*-uncaging experiments and showed a noticeable slowdown compared to SN25-cys mutant (Figure 30
B). Our kinetic analysis revealed that trre(SN25-cys 5K/A) = 49.4 + 7, n = 37, which was significantly
lower than trrp(SN25-Cys) that was 28.3 £ 4 ms, n = 36; P = 0.035. Indeed, trrp(SNAP-25 WT) = 14.3 +
1.4 ms was significantly faster than both mutants (P < 0.001 compared to both mutants). Pool sizes were
not significantly different between both mutants with RRP(SN25-cys 5K/A) = 37.4 + 14.1 fF vs RRP(SN25-
cys) = 25.8 + 6.3 fF, ; P = 0.74 [RRP(SNAP-25 WT) = 122 + 11.8 fF, which is significantly higher than
both mutants; P < 0.001]. SRP(SN25-cys 5K/A) = 122 + 23 fF vs SRP(SN25-cys) = 122 + 20 fF; P = 0.893;
Figure 30 C.
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Figure 30 Charged amino acids at the N-terminal region of the linker partially stabilizes secretion.
(A) Cartoon showing GFP-SNAP-25 WT (black) vs GFP-SN25-cys (orange) and GFP-SN25-cys 5K/A (violet). (B)
Characterization of secretion in KO cells expressing GFP-SNAP-25 WT or mutants. Shown are averaged [Ca?*];
measurements (top), capacitance traces (middle) and amperometric recordings (bottom). (C) Comparative
electrophysiological analysis of secretion in GFP-SNAP-25 WT (black), GFP-SN25-cys (orange) and GFP-SN25-cys
5K/A expressing KO cells (violet). Comparison was performed using ANOVA and post-hoc Tukey test. (D)
Normalized capacitance traces showing relative slowdown of release in GFP-SNAP-25 5K/A, expressing cells
compared to palmitoylation mutant GFP-SN25-cys. n is depicted in the lower right panel.

In summary, our results indicate that the flanking lysine residues hold some functional role if the cysteine

cluster and membrane anchorage of SNAP-25 are eliminated. In comparison to SN25-cys shiftl4aa, the
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phenotypical exacerbation in SN25-cys 5K/A appears milder, which suggests that other residues in the N-
terminal region also contribute to the function of the N-terminal linker segment. It would be interesting to
investigate whether the loss of the five positively charged lysine residues would affect secretion more
severely, if the cysteine cluster remains intact. However, results may also reflect changes in acylation level.

1.16.1Core complex interactions of the C-terminal linker are required for

efficient secretion

Structural analysis of the crystalized SNARE complex indicated that several bulky non-polar residues
within the very C-terminal SN25 linker may interact with a hydrophobic groove on the complex (Sutton et
al., 1998). To address the importance of these interactions, we generated a linker mutant denoted SN25 LC
4G, in which the corresponding residues, F***, 1'*4, V" and A, were substituted by glycine residues
(Figure 31 A). When tested in SNAP-25" cells, SN25 LC 4G-mediated release exhibited a substantial
reduction of the RRP as well as decelerated RRP release kinetics (Figure 31 B). RRP was 105.1 + 10.4 fF
for WT controls (n = 26), but was reduced to 38.9 + 5.6 fF in cells expressing GFP-SN25 LC 4G (n = 29;
P < 0.001). The corresponding time constant for release from the RRP was significantly increased to 22.8 +
2.9 ms in GFP-SN25 LC 4G compared to 15.9 £ 1.5 ms in controls (P < 0.05). In contrast, secretion from
the SRP was largely unaffected [SRP(WT) = 109.1 + 10 vs. SRP(SN25 LC 4G) = 90.9 = 11.2 fF;
Tsrp(WT) = 138.2 £ 11.9 vs. tsrp (SN25 LC 4G) = 177.4 £ 23.0 ms]. The sustained release component also
appeared normal in SN25 LC 4G-expressing cells [sust.rel. (WT) = 27.3 + 2.1 fF/s vs. sust.rel. (SN25 LC
4G) = 26.5 £ 2.5 fF/s], indicating that forward priming was unchanged. However, in line with altered
triggering of RRP vesicle fusion, the onset of the secretory response in SN25 LC 4G-expressing cells was
significantly delayed in comparison to controls [delay (WT) = 2.5 + 0.3 ms vs. delay (SN25 LC 4G) =
3.8 £0.37 ms; P < 0.01] (Figure 31 C).
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Figure 31 C-terminal mutation deteriorates pool stability as well as release kinetics.

(A) Cartoon showing GFP-SNAP-25 WT (black) and GFP-SN25 LC 4G mutant structure. (B) Characterization of
secretion in SNAP-25 KO cells expressing GFP-SNAP-25 WT or mutant. Shown are averaged [Ca?*]; measurements
(top), capacitance traces (middle) and amperometric recordings (bottom). (C) Comparative electrophysiological
analysis of secretion in GFP-SNAP-25 WT (black) and GFP-SN25 LC 9G expressing KO cells (black). n is depicted
in panel B. All data are given as mean + SEM. n is depicted in each panel. Statistical testing was done using Student’s
t-test.

The release defects of SN25 LC 4G indicate that core interactions of this linker region are important for
effective secretion. Given the selective decrease of the RRP component, with no detectable effect on
sustained release, we conclude that these interactions are important for stabilization of highly fusogenic
vesicle states, likely preventing depriming. To investigate whether further residues in this particular C-
terminal linker region are involved in the process, we also exchanged five additional surrounding amino
acids by glycine residues resulting in SN25 LC 9G (Figure 32 A). Interestingly, the mutant exhibited an

incremental exacerbation of the phenotype (Figure 32 B): The size of the RRP in KO cells expressing the

69



RESULTS

mutant remained strongly decreased [RRP(SN25 LC 9G =59 + 11 fF, n =34 vs. RRP (WT) = 134 + 19.6 fF,
n =27, P <0.001], while the corresponding time constant of release was even further elongated to 37 + 3.8
ms [trre (WT) = 17.1 £ 1.7 ms, P < 0.001]. Interestingly, we found that the size of the SRP was not
significantly changed [SRP(SN25 LC 9G) = 75.9 + 11.5 fF vs. SRP (WT) = 100.1 + 11.8, p = 0.15], while
its release kinetics were substantially slowed-down [tsrp(SN25 LC 9G) = 218.4 + 38.5 ms vs. tsre (WT) =
115.1 £ 9.8 ms, p = 0.017]. In line with a triggering defect, the onset of secretion was also significantly
delayed [delay (SN25 LC9G = 7.2 + 0.72 ms vs. delay(WT) =4 £ 0.83 ms, p < 0.001]. Sustained release
was however not changed in the mutant [sust.rel. (SN25 LC 9G) =19.2 + 1.9 fF/s vs. sust.rel. (WT) =20 £
2.28], suggesting again that forward priming is not affected; Figure 32 C.
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Figure 32 C-terminal mutation deteriorates pool stability as well as release Kinetics.
(A) Cartoon showing GFP-SNAP-25 WT (black) and GFP-SN25 LC 9G mutant structure. (B) Characterization of
secretion in KO cells expressing GFP-SNAP-25 WT or mutant. Shown are averaged [Ca?*]; measurements (top),
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capacitance traces (middle) and amperometric recordings (bottom). (C) Comparative electrophysiological analysis of
secretion in GFP-SNAP-25 WT (black) and GFP-SN25 LC 9G expressing KO cells (black). All data are given as
mean £ SEM. n is depicted in each panel. Statistical testing was using.Student’s t-test.
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Figure 33 N- and C- terminal linker regions have different roles in controlling fusion pore
initiation and expansion.

(A) Representative traces of amperometric spikes in overexpressed SNAP-25 WT or mutants in SNAP-25" cells.
(B) Left panel; analysis of single fusion events of (events/number of cells): GFP-SNAP-25 WT in black (11011/83),
GFP-SN25-cys in orange (1419/22), GFP-SN25 shiftl4aa in olive (2377/22), GFP-SN25 LN G/S in cyan (1986/27),
and GFP-SN25 LC G/S in blue (1014/16). Right panel; Bar graphs of spike charge (fC), amplitude (pA), 50-90% rise
time of the spike, and half width of the spike. (C) Left panel; cumulative frequency of the pre-spike foot characteristics:
initial pre-spike foot amplitude (pA), pre-spike foot amplitude (pA), duration, charge (fC), fluctuation frequency (kHz),
and root mean square noise (pA/ms). Right panel; bar graphs showing mean of the medians of cumulative distribution
curves of the left panel. n is depicted in bottom panel, statistical comparisons were performed by ANOVA with
post-hoc Tukey’s test.

1.17 N-terminal motifs in the SN25 linker determine fusion pore evolution

Since the cysteine deficient mutant and the extension mutants were shown to work via two
independent mechanisms, we wanted to determine the characteristic features of single fusion events by these
mutants. Using 5 um carbon fibers, we were able to detect single vesicle fusion events. The cells were
stimulated with 19 uM free Ca?*to drive the chromaffin cells to secrete efficient number of vesicles to

reliably study differences in the mode of fusion pore initiation, vesicle fusion as well as fusion pore

expansion.
Charge (fC) Amplitude (pA) Rise time (us) Half width (ms)
WT 246.4 +9.32 117.04 + 3.3521 239.5+4.0191 1.3936 + 0.0385
SN25-cys 236.5+11.84 116.36 + 7.25 259.5+14.81 1.5144 + 0.0922
SN25 252.01 79.38 £ 4.50; P < 0.001 340.0448 + 21.9334; 2.1033 £ 0.1963;
shiftl4aa 16.15 P <0.001 P <0.001
246.96 + 76.69 +4.81; P < 0.001 340.05 £ 17.13; 2.3392 + 0.1154;
SN25 LN G/S
10.6221 P <0.001 P <0.001
24143 118.65 +8.00 243.2530 £ 15.00 1.3987 + 0.0971
SN25 LC G/S —r

Table 2 Single spike (fusion) event features from amperometric recordings.

SNAP-25" expressing either WT or SNAP-25 mutant proteins. Signal was filtered at 3 KHz and single spikes were
analyzed as charge (fC), peak current amplitude (pA), rise time as the time needed for the spike to reach from 50-90%
of the maximum spike amplitude, and half width defined as the time needed for the spike between 50% of its initial
phase and 50% of its decay phase (all P values are direct comparison to WT via ANOVA using Tukey’s post-hoc test).

Interestingly, the SN25-cys mutant showed a prolonged pre-spike foot (PSF) with no further change in the
spike properties compared to SNAP-25 WT (for values, look at Table 2 and 3); Figure 33 A. On the other
hand, the SN-25 shiftl4aa showed not only prolonged PSF, but also slower expansion of the fusion pore.

This confirms the qualitative difference between the cysteine deficient mutant and the extension mutants.

72



RESULTS

The SN25 LN G/S showed slowed PSF as well as fusion pore expansion problem (Table 2). SN25 LC G/S
in contrast did not show any vesicle fusion defect compared to WT over expressed SNAP-25. Thus, the N-
terminal region of the linker located at the C-terminal region of the SNARE complex is crucial for the proper

fusion of vesicles. All amperometric measurements were kindly provided by Dr. Madhurima Dhara.

Prespike . . .
o ] ] Prespike = Prespike foot Prespike
(PS) initial =~ Prespike (PS) Prespike )
) foot fluctuation foot rms
Foot Foot Amplitude foot )
) ) charge frequency noise
Amplitude (pA) duration
(fC) (kH2) (pA/ms)
(PA)
20.39 +
WT 3.51+0.12 16.01 £ 0.43 4.09+0.18 e 0.38 £0.0135 4.40 £0.15
45.62 £
1552 +1.73; 9.05+0.41, 0.17 £0.012; 2.66 £0.12;
SN25-cys 1.65+0.08 3.61;
P <0.001 P <0.001 P <0.001 P <0.001
P <0.001
40.83 £ 0.1652 = 24782 £
SN25 1.88+0.14 11.39 + 0.47; 9.64 + 0.50;
3.32; 0.0251; 0.1646;
shiftl4aa P <0.001 P <0.001 P <0.001
P <0.001 P <0.001 P <0.001
9.6719 = 40.3784 0.1381 = 2.4399 =
SN25LN  1.50+0.12 11.63+0.71,;
0.4901; 1.8143; 0.0160; 0.1263;
G/S P <0.001 P <0.001
P <0.001 P <0.001 P <0.001 P <0.001
SN25 LC 3.9169 4.0093 = 21.9677 + 4.4413 +
16.5168 + 1.0225 0.4140 + 0.0229
G/S 0.1950 0.3346 1.9570 0.2571

Table 3 Pre-spike foot (PSF) characteristics from amperometric recordings.
PSF amplitude, duration, and charge were calculated reflecting the initial fusion pore opening (all P values are direct
comparison to WT via ANOVA using Tukey test).

1.18 Hydrogen bonding at the C-terminal linker region stabilizes the fast pool

and delays triggering

According to the crystal structure of the SNARE complex, the two amino acids Arg**® and Asp'*
form number of hydrogen bonds that might aid the linker in the formation and stabilization of the loop turn

(Sutton et al., 1998). Thus, these two amino acids were substituted by alanine residues in order to destabilize
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the loop and test the consequences of such mutation on secretion (Figure 34 A). When these two amino
acids were mutated (named SN25 LC RADA), the RRP size was slightly reduced and there was a slight but
significant triggering effect (Figure 34 B and C). WTrre was 156.6 + 29.5 fF, while SN25 LC RADARrr
was 101 £ 14.4 fF (P < 0.05). WTrrre Was 17.2 £ 2.7 ms and SN25 LC RADAwrrr Was 14.9 £ 1.3 ms.
WTsre Was 108.9 + 16.9 fF while SN25 LC RADAsrr Was 169 * 22.1 fF. WTrsrp Was 154 + 26.4 ms, while
SN25 LC RADATsre Was 200.3 £ 38.9 ms. WTss was 32.1 fF/s, and SN25 LC RADAss was 35.5 fF/s.
WT getay Was 1.1 + 0.3 ms, and SN25 LC RADAeiay Was 2.7 0.4 ms (P < 0.01) (Figure 34 C). This indicated
that these two amino acids are indeed important to stabilize the pool likely with the help of other neighboring
amino acids. To conclude, the C-terminal end probably stabilizes the N-terminal part of the complex in its

semi-zippered form allowing for fast and efficient exocytosis upon receiving a stimulus trigger.
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Figure 34 Amino acids at the C-terminal end stabilizes the turning loop of the linker.
(A) Cartoon showing GFP-SNAP-25 WT (black) and GFP-SN25 LC RADA mutant structure. (B) Characterization
of secretion in KO cells expressing GFP-SNAP-25 WT or mutant. Shown are averaged [Ca?*]; measurements (top),
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capacitance traces (middle) and amperometric recordings (bottom). (C) Comparative electrophysiological analysis of
secretion in GFP-SNAP-25 WT (black) and GFP-SN25 LC RADA expressing KO cells (black). Comparison was
performed using Student’s t test.

As a final control experiment, expression of all used constructs (except split mutants) was measured using
epi-fluorescence microscopy and showed similar expression levels compared to WT SNAP-25 (Figure
35A and B). Thus, the phenotypes depicted were not due to difference in expression levels that might lead

to a false phenotype.
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Figure 35 Expression analysis of SNAP-25 linker mutants.

(A) Exemplary epifluorescence pictures of KO cells expressing the characterized GFP-tagged SNAP-25 mutants.
Abbreviated mutant labels are used (“GFP” skipped). Scale bar is 5 pm. (B) Mean integrated fluorescence of GFP
over the whole cell body is quantified and did not show any significant differences in SNAP-25 expression. Error is
SEM. n is indicated in bar graph of panel B. Statistical significance was tested using ANOVA with Tukey test.
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Discussion

The fusion machinery of vesicle exocytosis has been extensively studied in neurons as well as
neuroendocrine cells. While SNARE motifs and their mechanistic role in Ca?*-regulated exocytosis has been
investigated in detail, comparatively little is known about the role of a tandem-like structure of the Quw/Qc
motifs of SNAP-25. Four main mechanistic points have been addressed here using various
electrophysiological and biochemical experiments in order to fully understand the role of linked SNAP-25
SNARE motifs. Firstly, we examined the general importance of SNAP-25 linker integrity and its primary
structure in SNARE complex formation and Ca?*-triggering of release. Secondly, we investigated the
mechanistic role of different SN25 linker sub-regions and their role in supporting exocytosis. Thirdly, we
checked for the role of linker in transducing the force exerted by SNARE motifs to the membranes in
promoting fusion. Our last point of interest was to test for linker-mediated lipid interplay crucial for

membrane fusion. These four points will be explained in details in the coming sections.

1.19 The SNAP-25 linker is a functional part of the fusion complex

1.19.1Linker integrity is essential for fast Ca?*-triggered secretion

Unlike exocytosis of SVs and LDCVs, intracellular membrane fusion is driven by SNARE
complexes that comprise two separate Qp and Q. SNARE proteins instead of a single tandem-like
Que-SNARES (Liu and Barlowe, 2002; Weimbs et al., 1998), raising the question whether the linkage of
SNARE motifs in Qw-SNARE represent an adaptation to meet the specific requirements of fast
neuronal/neuroendocrine exocytosis. Interestingly, it has previously been questioned whether a physical
linkage of Qu/Q: SNARE motifs in SNAP-25 is a strict prerequisite of exocytosis (Chen et al., 1999; Wang
et al., 2008): Chen et al. (1999) were able to restore norepinephrine release from BoNT/E-treated (cutting
the last 26 amino acids at the C-terminal end of the SNAP-25), cracked PC12 cells by infusion of intact SN2
fragment at high concentrations (up to 100 uM). Wang et al. (2008) also observed a reconstitution of
secretion when expressing separate (BoNT/E-insensitive) SNAP-25 fragments in permeabilized
BoNT/E-treated bovine chromaffin cells. However, this rescue effect succeeded only under certain secretion
protocols after an initial rundown of secretion. Challenging the results of these rescue experiments, we co-
expressed SNAP-25A26 and SN2 fragments in intact live chromaffin cells using SNAP-25" background in
order to investigate the necessity of the linked SN1/SN2 motifs under tightly controlled conditions. Using
single cell capacitance measurements combined with high-resolution amperometric recordings, our
experiments not only showed a complete failure of the fragments to rescue exocytosis, but also demonstrated

an inhibitory effect on secretion compared to the residual release observed in uninfected SNAP-25"

77



DISCUSSION

chromaffin cells. The lack of any significant rescue might be explained by the formation of SN25A26-
containing SNARE complexes, which are stable enough to prevent the efficient incorporation of the intact
SN2 fragment but cannot support fusion due to disrupted C-terminal assembly (Lu, 2015). While the
formation of stable SN25A26-containing SNARE complexes has been previously confirmed, the resulting
complexes are not SDS resistant (Hayashi et al., 1994; Lu, 2015). Although the SN2 fragment was already
expressed at much higher levels than the SNAP-25A26 fragment in our experiments, the possibility of a
partial restoration at much higher concentrations (in the high micro molar range) of SN2 fragment cannot
be fully excluded by our data. It has been also reported that the interaction of SN25A26 with Stx is not tight
enough to allow for productive interaction with Syb (Wang et al., 2008). The observed inhibitory effect on
residual secretion in SNAP-25" cells probably reflects a dominant-negative effect of the SN25A26 fragment
on release mediated by SNAP-23 (SNAP-23), another member of the Qo SNARE family expressed in
chromaffin cells. SN25A26 may compete with endogenous SNAP-23 in Stx binding, basically excluding
SNAP-23 from binary SNARE interaction due to its high viral expression level. A clear dominant-negative
effect of SN25A26 has already been shown by Sorensen et al (2006) for the viral overexpression of the

fragment in WT chromaffin cells.

In order to avoid the dominant-negative effect of SN25A26, we co-expressed a shorter, C-terminally
truncated SNAP-25 fragment (SN25AC) together with SN2. Expression of this fragment combination
resulted in a clear restoration of secretion upon Ca?*-uncaging. Total secretion was, however, strongly
reduced when compared to the secretory response in WT SN25-expressing SNAP-25" cells. Interestingly,
we not only observed a severe priming defect (reflected by complete abolishment of the RRP) but also
noticed that secretion kinetics were prominently delayed. This observation indicated that a physical linkage
between both SNARE motifs is not obligatory for successful fusion but clearly increases the efficiency and
speed of LDCVs exocytosis in adrenal chromaffin cells. In a third rescue paradigm, an even shorter
truncated fragment, SN25'™8 was co-expressed together with SN2, and release was tested by
capacitance/amperometric recordings upon Ca?*-uncaging. Surprisingly, co-expression of these fragments
resulted in a secretory response whose burst component (ACm at 1 s post-flash) was significantly more
decreased than in the case of the “SN25AC/SN2” experiment. This is a striking observation, as it implies
that the C-terminal sections of the linker exert a facilitating effect on SNARE-mediated exocytosis despite
their physical detachment from SN2. Interestingly, proteolytic assays on fully assembled SNARE
complexes had previously suggested that major sections of the linker are only loosely attached with the
helical linker core (Fasshauer et al., 1998a), thus suggesting that detachment of the linker at the C-terminal
will likely result in its dislocation. Accordingly, we expected that a dislocated linker will be of little

functional consequence in its full form as in SN25AC or truncated as in SN25'8, Our results, however,
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show that the linker indeed is playing a role in stabilizing the primed pool, probably via interacting with the
core complex. Recent structural analysis by electron microscopy has delivered evidence for a diffuse
structure of the C- and N- terminal linker sections of the fully formed complex imaged (White et al., 2018),
possibly indicating the existence of functional interaction sites.

Previous reconstitution experiments with SNAP-25 fragments suggested little relevance for linker integrity
in SNARE complex function (Chen et al., 1999; Parlati et al., 1999). Some of these controversial findings
might be explained by the use of less sensitive experimental techniques in older studies, especially the use
of BoNT/E-based reconstitution paradigms and population-based release assays. Unlike our single cell
capacitance/amperometric recordings that deliver secretion data based on single cells at high temporal
resolution, these assays do not provide detailed results on release kinetics. Moreover, the concentration of
infused protein (SN2) used by (Chen et al., 1999) was fairly high (up to 100 puM), which may have masked
the lowered efficiency of SN2 to drive fusion in this experimental paradigm. Our rescue experiments were
performed via Ca?*-uncaging over a duration of only 5s, during which capacitance and amperometry from
single cells were recorded. In contrast, Wang et al. (2008) described the recovery of secretion in
permeabilized cells after initial rundown of release, lasting around 30 min. Thus, release observed in these
permeabilized cells may have at least in part followed non-canonical pathways, disguising the functional

consequences of linker manipulation.

1.19.2The naive SN25 linker is required for efficient secretion
Given the absence of a detectable secondary structure (Margittai et al., 2001), the SNAP-25 linker

has been frequently considered as a simple flexible connector without functional motifs or interaction sites.
To investigate whether its conformational flexibility is the only decisive feature of the linker peptide, we
constructed a SNAP-25 mutant, in which the linker was substituted by a flexible “GGS”-peptide of equal
length (mutant SN25 L G/S). Intriguingly, SN25 L G/S completely failed to rescue exocytosis in
SNAP-25" cells (Figure 15 B), when using Ca?*-uncaging to stimulate cells. The SN25 L G/S mutant also
showed no rescue in experiments with a prolonged strong stimulus (infusion of 19 uM Ca?* for up to 3 min;
Figure 15 D) rendering delayed secretion or weakened stimulus-secretion coupling unlikely. This dramatic
effect on secretion stresses the importance of the primary linker sequences and suggests that specific
biophysical properties or the presence of specific interaction motifs in the linker are required for proper
function of SNAP-25. That said, it may also be argued that a complete substitution of 60 aa could disrupt
the function of the adjoining SNARE motifs, thus un-specifically disturbing SNARE complex function.

Several lines of argument render such scenario unlikely: firstly, the SN25 L G/S mutant could form SNARE
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complexes in vitro as shown in (Figure 16 B) indicating the capability of this protein to interact with its
SNARE partners. That said, the rate of SNARE complex formation observed with this mutant was
significantly slower than WT SNAP-25 protein - possibly partly due to the high glycine content in the
introduced linker, which may have altered the relative spontaneous movement and orientation of the two
SNAP-25 SNARE motifs during complex initiation. Interestingly, the rate of SNARE complex formation
for SN25 L G/S was still much faster than using separated Qw/Qc. SNARE motifs confirming the necessity
of a connected SNAP-25 structure in order to efficiently engage with Stx and Syb. Secondly, the SN25 L
G/S mutant showed a dominant negative effect when expressed in WT adrenal chromaffin cells (Figure 15
B, C), inducing slower release and lower secretion amplitude, again confirming the fact that SN25 L G/S
mutant still interacts with Syb and Stx and competes with endogenous WT SNAP-25 in complex formation.
Finally, progressively larger substitution in the SNAP-25 linker produced correlated specific changes in
release properties, suggesting that the severe phenotype of SN25 L G/S represents the endpoint of an

incremental loss of functional linker motifs.

A proper membrane localization of SNAP-25 is ensured by N-terminal linker acylation (Gonzalo and
Linder, 1998; Greaves et al., 2010b; Hess et al., 1992). Since linker substitution in SN25 L G/S also
eliminated the acylated cycteine cluster in the linker, the mutant protein is mislocalized when expressed in
SNAP-25" cells (Figure 35). However, the lack of membrane expression of SN25 L G/S cannot fully
explain its dysfunctional nature, as an acylation-deficient mutant, in which only the 4 cysteine amino acids
were substituted by serines (SN25-cys) could drive considerable secretion despite improper localization
(Figure 18; Figure 35). While SN25-cys mutant showed slower release and decreased amplitude in the RRP
indicating reduced fusion rate and primed pool size in comparison to WT SNAP-25 protein, around 70% of
the total secretion could be elicited by the SN25-cys compared to WT protein. Thus, the dysfunctional nature

of the SN25 L G/S is not due to simple protein mislocalization.

Partial N- or C-terminal substitutions within the linker also severely affected release properties, resulting in
a dramatically diminished secretory response. Intriguingly, replacement of non-overlapping sequences in
both regions caused a similar complex secretion phenotype (Figure 18 B; Figure 19 B), that is characterized
by a pronounced loss of primed vesicle pools and a general slow-down of release. Noteworthy, also the
general onset of release was delayed in both mutants, indicating that triggering of release and general

stimulus secretion coupling were affected in both linker mutants.

The N-terminal substitution “SN25 LN G/S” showed an augmented phenotype compared to the cysteine
deficient mutant (Figure 18 B). The RRP component was completely lost and the SRP was significantly
delayed together with a delay in the stimulation-secretion coupling, such a complex phenotype showed that

the fusion process is being altered through numerous mechanistic levels. From the electrophysiological data,
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we can speculate that this mutant showed an altered priming rate as well as defects in stabilizing the primed
pool, and finally fusion triggering. It comes to attention that the SN25 LN G/S mutant lacks the cysteine
residues which resulted in a priming/triggering defect, but also they lack important residues that indeed
affect both fusion pore initiation and expansion (Figure 33). The fact that N-terminal end of the linker is in
very close proximity to the fusion pore according to our proposed model (Figure 36) could serve as a
possible explanation. Therefore, we believe that the N-terminal linker domain negatively affected exocytosis
at different mechanistic aspects including stability of the primed pool, fusion triggering, and fusion pore

initiation and expansion.

On the other hand, the C terminal end substitution of the linker had no influence on either fusion pore
expansion or initiation. However, this C terminal substitution led to reduced interaction with Stx-1A which
resulted in a reduced amount of acceptor complex formation (Figure 21). This diminished interaction could
lead to a pool defect as the acceptor complex formation is the primary step for the full complex formation
and subsequent vesicle priming (Fasshauer and Margittai, 2004; Pobbati et al., 2006). Moreover, the
C-terminal substitution comprises a sensitive stretch ***VVDEREQMAI'? that has been showed by Nagy

et al. (2008) to have a regulatory role in exocytosis.

The N-terminal end is engaged with the C-terminal end of the complex, support fusion triggering, possibly
interacting with the membrane phospholipids supporting the fusion pore initiation and expansion. The
C-terminal end on the other hand is placed near the N-terminal end of the SNARE complex, supporting
acceptor complex formation with Stx and possibly preventing excess depriming. Therefore, we speculate
that the similar phenotypes mediated by SN25 LN G/S or SN25 LC G/S arose from two mechanistically
different steps. As both motifs of the linker are connected, they can act interdependently. For example, a
dislocated N-terminal region, due to lack of palmitoylation, could spatially distort the whole linker region
and subsequently induce functional disability. The same applies to the C-terminal region, which could
possibly lead to a very similar effect on the functional level. This idea is supported by recent work showing
for the first time that the SNAP-25 linker is present in a diffuse density that is strongest at the stretches near
SN1 and SN2 motifs and weakest in the middle of the linker (White et al., 2018). Moreover, the C-terminal

end of the linker was shown to stabilize the entire SNARE complex formation (Jiang et al., 2019).

81



DISCUSSION

1.20 Linker motifs support binary and ternary SNARE interactions

1.20.1The SN25 linker as an organizer of SNARE assembly?

Experiments with substitution mutants indicated a mechanistic requirement for the naive amino acid
sequence of the SNAP-25 linker. The complex secretion phenotypes of the corresponding SNAP-25 mutants
may highlight priming and triggering deficits due to altered SNARE assembly. Indeed, we have
demonstrated in this work that purified SN25 L G/S protein exhibited a delayed formation of SNARE
complexed, when mixed with its binding partners (Figure 16). Obviously, these kinetic alterations may
reflect [1] hindered complex nucleation and/or a [2] decelerated folding of the core complex due to
diminished external interactions with the linker. Our data on SNAP-25: Stx-1A interactions in combination
with the results of SNARE complex formation experiments using partial linker substitution mutants suggest

contributions of both mechanistic effects.

1.20.2The linker facilitates SN2 association with Stx H3:SN1 assemblies
Initial studies on SNARE interactions showed that the SNARE motifs of the cognate SNARE

proteins spontaneously adopt a-helical conformation and interact with each other, when mixed in different
combinations (Fasshauer et al., 1998a). That said, SNAP-25 in isolation exhibits low helicity, with its SN1
motif possibly possessing the highest propensity to assume a helical conformation (Chapman et al., 1994;
Fasshauer and Margittai, 2004). Interestingly, it has been demonstrated that truncated SNAP-25 fragments
containing the full SN1 motif bind to and are retained on immobilized Stx-1A, while SN2 seems uninvolved
in Stx-1A interactions (Chapman et al., 1994). To investigate the role of the linker in t-SNARE interactions,
we tested SNAP-25 fragments with or without linker in binding assays with Stx-1A. Intriguingly, we found
that only SN1 showed any retention, when a mixture of linker-less SN1 and SN2 fragments was incubated
with immobilized Stx-1A. However, our further experiments demonstrated that SN2 was retained with SN1
on Stx-1A, when the linker was left attached to the SN2 fragment (Figure 17). As a continuous SN1-linker
fragment and separated SN2 did not allow for significant SN2 retention in the reverse setup, we consider
the continuous linker-SN2 fragment as a functional unit that promotes the recruitment of SN2 into t-SNARE
assemblies. Given the low helical character of SN2 in solution (Fasshauer and Margittai, 2004), it might be
speculated that the linker supports the SN2 motif to assume a suitable helical conformation for interactions
with SN1:Stx1A H3. The C-terminal linker segment might be of particular relevance for the stabilizing
interactions, as substitution of the linker region in SN25 LC G/S impacted the efficiency of Stx-1A binding.
In line with this idea, Jiang et al. (2019) showed that the C-terminal end of the linker interacts with Stx in

membrane environments via electrostatic interactions to stabilize the acceptor (binary) complex formation.
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In seminal work of Weninger et al. (2008), the conformational dynamics of a binary t-SNARE
complex has been investigated using single molecule FRET experiments. Interestingly, they demonstrated
that binary t-SNARE complexes dynamically transit through different conformational states, in which only
SN1, both SNAP-25 SNARE motifs, or SN2 interact with the Stx-H3 SNARE motif. Syb binding stabilizes
the assembly, in line with the idea that t-SNARE complexes serve as acceptors for Syb and thus mediate
complex nucleation. Given the dynamic properties of the binary t-SNARE complex, the linker should
putatively serve two supporting functions according to our results: [1] Concatenation via the linker should
retain SNAP-25 SNARE motifs in a critical distance to bihelical complexes after spontaneous dissociation,
therefore facilitating (re-)entry of the free motif and (re-)formation of the trihelical state. Some of the release
deficits observed in reconstitutions experiments with unlinked SNAP-25 fragments might be explained by
unstable acceptor complexes due to the loss of this function. [2] Interactions of the C-terminal linker motif
facilitate the recruitment of SN2 onto the relatively stable SN1:Stx H3 assembly, thus shifting dynamics to
the trihelical conformation. A hindered entry of SN2 into the assembly would likely decrease complex
lifetime and prevent productive Syb interactions in SN25 L G/S and SN25 LC G/S, respectively. Our results
on linker-mediated assembly of binary complexes are therefore of functional significance for successful

vesicle priming.

1.20.3Altered core complex dimerization in linker mutants

SNARE complexes formed by separate SN1/SN2 fragments, SN25 L G/S or SN25 LN G/S exhibit
a higher apparent molecular weight than those containing SNAP-25 WT (Figure 16 A-C), which may
indicate that the loss of N-terminal linker motifs affects biochemical properties and/or composition of
complexes. Interestingly, it has been previously demonstrated by Fdez et al. (2008) that SNARE complexes
containing linker-less SN1 and SN2 fragments have a high propensity to form wing-shaped dimers, in which
two fully formed complexes interact with each other via their C-terminal ends, possibly also involving
residues of the juxta-membrane domain of Syb-2 in the binding interface. Given that we observed a
characteristic size shift of SNARE complexes formed by the very same combination of fragments, it stands
to reason that the linker-less core complex in our experiments also forms SDS-resistant SNARE dimers.
Noteworthy, the presence of the N-terminal linker motif prevents the apparent increase in molecular weight,

implying that this linker segment masks surfaces that are required for dimerization.

Fdez et al. (2008), identified two tryptophan residues (W%, W) and an arginine residue (R®) in the
juxta-membrane domain of Syb-2 as essential for the observed dimerization activity. Since mutation of these
residues decreased the rescue of human growth hormone release in a BoONT/E reconstitution experiment,
the authors proposed that SNARE complex dimerization via these residues is functionally important for

exocytosis. Following this sentiment, however, it is incomprehensible, why the disinhibited dimerization in
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SN25 LN G/S would then result in strong release deficits. Therefore, it seems more likely that the SNARE
dimers observed by Fdez et al. (2008) do not serve as a productive intermediate en route to membrane
fusion. Rather, compromised exocytosis in Syb-2 variants with mutated juxta-membrane domains should
reflect other mechanistic defects. Intriguingly, Borisovska et al. (2012) indeed delivered an alternative
explanation for the phenotype by showing in molecular dynamic simulations that the two tryptophan
residues in Syb-2 affect the electrostatic surface potential by determining the orientation of neighboring
charged amino acids (lysine and arginine) at the membrane water interface. Moreover, they demonstrated a

characteristic priming defect for Syb-2 mutants, in which both tryptophan residues were mutated.

It might be speculated that the observed dimerization of SNAP-25 linker mutants in vitro could itself impose
an obstacle to the fusion process. As the two tryptophan residues, which have been considered essential for
dimerization, likely engage in membrane interactions under physiological conditions (Borisovska et al.,
2012), it is however doubtful whether dimer formation actually occurs in vivo. Moreover, if aberrant
dimerization would be responsible for compromised secretion in SN25 LN G/S-expressing KO cells, it
would be expected that exocytosis mediated by SN25 LC G/S-containing complexes with “normal”
dimerization propensity should be largely unaffected. The similarity of the phenotypical features of both
linker substitution mutants however suggest that other mechanistic reasons cause the low secretion rates and

reduced primed pool size in these mutants.

1.21 The role of acylated linker segment in exocytosis

1.21.1Intramolecular acylation is crucial for efficient Ca?*-dependent exocytosis

Substituting the cysteine residues with serine residues led to loss of membrane localization together
with a triggering deficit upon stimulation, a phenotype that was previously observed by Nagy et al. (2008).
Other reports, however, found a different effect upon cysteine abolition. For example, SNAP-25 mutants
lacking cysteine residues were unable to support release in PC12 cells (Washbourne et al., 2001).
Washbourne and colleagues co-transfected the PC12 cells with human growth hormone construct together
with BoNT/E resistant mutant of SNAP-25. PC12 were then treated with BoNT/E and assayed as a
population for the release of the growth hormone. The observed result could be due to low concentration of
the co-expressed SNAP-25 BoNT/E resistant mutant. As this neurotoxin mutant when combined with
cysteine-negative mutant did not yield release in neither BoNT/E treated PC12 cells nor showed any
dominant-negative effect in non-treated cells. This questions the general effect of the expressed protein. In
another experimental paradigm, the cysteine-deficient mutant showed partial rescue of exocytosis (Nagy et

al., 2008). This experiment was performed in pancreatic beta-cells and the results were again based on a
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population assay after permeabilization of cells and rushing in Ca?* for 8 min. Therefore, we provided with
our single cell based measurements more accurate and direct correlation of stimulation and secretion. This
discrepancy in the literature stimulated us to investigate to which degree does the mislocalization of the
cysteine-deficient mutant leads to the observed phenotype. Interestingly, addition of an extra acylation
sequence led to the proper localization of either the SNAP-25 WT or the cysteine-negative proteins (Figure
26 B). The retargeting of the SN25-cys mutant with an extra acylation sequence (DP-SN25-cys; Figure 27)
did not rescue the phenotype of the substituted cysteine moieties. This is a direct evidence that the four

cysteine residues are not just of anchoring purpose but indeed play a role in modulation of exocytosis.

As the retargeting experiment confirmed that the cysteine moieties function beyond just membrane targeting
of the SN25, we wondered about a special mechanistic role in triggering vesicle fusion. Looking at different
SN25 orthologs, the palmitolytion motif is located directly after the Q, motif. In fact, the first cysteine
residue is separated from the end of the Q» SNARE motif by just one lysine amino acid. This lysine residue
was shown to interact with the phospholipid bilayer of the cell membrane (Weber et al., 2017). Thus, this
structure could position the linker at the interface between the Qu/Q: SNARE motifs and the membrane,
facilitating the transfer of the force produced by the SNARE motifs to the membrane, and finally aiding in

fast release.

To test this postulation, we inserted linker extensions between SN1 and the linker in order to mechanically
“uncouple” the linker membrane anchors from the core complex, thus interfering with a potential molecular
straining of the plasma membrane via linker membrane contacts. As insertions at the juxta-membrane
domain of either Stx (Wang et al., 2001) or Syb (Kesavan et al., 2007) resulted in diminished vesicle
exocytosis, we expected a similar phenotype when inserting similar sizes of insertions between SN1 and the
linker domain. Surprisingly, inserting 6, 10, or 14 amino acids showed also a mild triggering phenotype
with decelerated release rates, but with no effect on the total pool sizes. These insertion mutants phenotypes
were clearly distinctive from the cysteine-negative mutant (compare Figure 18 to Figure 28) raising more

doubts about the initial idea of force transduction.

To pinpoint the role of the acylated linker in force transduction, we combined the palmitoylation deficient
mutant (SN25-cys) with the extension mutant producing a new mutant lacking the cysteine residues with a
linker extension of 14 amino acids between the SN1 and the linker. This double mutation, SN25-cys
shiftl4aa, was compared against the SN25-cys mutant (Figure 29). The SN25-cys shiftl4aa mutation
showed an exacerbated phenotype with slower release rates and decreased pool compared to the SN25-cys
mutation. As the linker acyl anchors act as the main pivot by which the SNAP-25 protein is attached to the
membrane, the loss of this pivot in the cysteine-negative mutant should have ruled out the upstream effect

of any linker insertion. Therefore, with this augmented phenotype, we can conclude that spacer insertions

85



DISCUSSION

negatively affects the facilitatory role of the N-terminal end of the linker in exocytosis in a palmitoylation
independent fashion. It could be speculated that the N-terminal insertions render the whole linker out of
register with its possible interaction partners, showing the mild triggering effect. The juxta-membrane
domains of either syx or syb are possibly positioned during fusion at close proximity to the SN25 linker N-
terminal region, as it is believed that the SNARE complex continues zippering through the juxta-membrane
domain (Stein et al., 2009). Therefore, the Stx/Syb juxta-membrane domains could be possible interaction
partners with the N-terminal domain of the linker.

To follow up the facilitatory role of the N-terminal domain of the linker, we checked for the possible
contribution to release by the lysine moieties positioned around the cysteine cluster. These basic lysine
residues are interesting as they can interact with acidic lipids in the membrane (Weber et al., 2017). In
agreement to the previous experiment, a mutant lacking the cysteines and surrounding lysines,
SN25-cys 5K/A, showed a slower release rate and more delayed response when compared to the
cysteine-deficient mutant (Figure 30). Thus, the positively charged amino acids at the vicinity of the fusion
pore supports fast release in the absence of any palmitoylated protein. Therefore, the position of the linker
i.e. having the linker in very close proximity to the end of the SN1 together with the amino acids present at
this N-terminal end of the linker, ensures efficient secretion. These experiments hint to the fact that force
transduced from the SN1 towards the linker region plays a small role. This suggests another scenario by
which the cysteine and lysine residues in the palmitoylation motif form collectively a protein-lipid interface
that is crucial to ensure proper interaction with the membrane, keeping the core complex in register, and

stabilizing the partially assembled complex to ensure proper fusion with no delay upon stimulation.

Recently, the cysteine residues was shown to exert a direct effect on SNARE complex formation as
substituting either two or the whole four residues resulted in inhibition of the SNARE complex assembly
(Jiang et al., 2019). This inhibition could be related to the priming and triggering defects that we observed
by the cysteine-negative mutant. Moreover, we showed that retargeting the whole SNAP-25 protein with an
extra acylation sequence did not rescue the pool. In addition, we investigated the role of the lysine amino
acids and their role in exocytosis. The lysine residues also supported last stages of fusion pore expansion
(Shaaban et al., 2019). Our observation is supported by the work of Weber et al. (2017) confirmed that the
lysines with their basic nature could bind to acidic PIPs, even enhancing the palmitoylation of SNAP-25 on
the membranes. This shows the interdependence of the charged lysine amino acids and the neighboring
cysteine cluster. As the lysine amino acids increase the dwell time on the membrane, this could allow for
the SNAP-25 cysteine residues to become properly palmitoylated. Therefore, the stretch of the linker
flanking its N-terminal end comprising of cysteine and neighboring lysine residues are working hand in

hand to ensure proper [1] SNARE complex assembly, [2] protein-lipid interaction and [3] maintenance of
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the whole complex in the proper arrangement needed for efficient delivery of the free energy produced by
the SNARE motifs.

1.22 The role of C-terminal linker segment in exocytosis

The N-terminal stretch of the linker had a significant contribution in supporting SNARE complex assembly
as well as the release magnitude and kinetics. The more amino acids substituted at the N-terminal side of
the linker, the more severe deficits observed until reaching complete abolishment of the RRP together with
triggering defect and fusion pore deficits upon complete N-terminal linker exchange. The N- and C- terminal
substitutions of the linker showed very similar phenotypes in response to Ca?*-uncaging. Thus, we wanted
to perform a structure function analysis to further dissect the mechanisms and amino acids that support
secretion at the linker C-terminus. Looking into the details of the C-terminal region (amino acids*****!) of
the linker, we started with substitution of four residues (F*3, 1'*, V¥ AL denoted “SN25 LC 4G”) that
had been suggested to interact with the core SNARE complex through their non-polar side chain (Figure
31). The SN25 LC 4G mutant showed mainly diminished RRP pool with a slight change in the kinetics of
release. This hints that these hydrophobic interactions are necessary to stabilize the RRP pool, preventing
vesicle depriming. As zippering of SNARE proteins is believed to happen from N- to C- terminal ends of
the core complex, this positions the C-terminal end of the linker at the N-terminal side of the complex and

thereby having a direct effect on the first phase of priming/depriming stages.

Mutating the entire last 9 amino acids stretch with glycines, SN25 LC 9G, (Figure 32) exacerbated the
deficits causing lower RRP and much slower kinetics of the release with a noticeable delay. In the
SN25 LC 9G mutant, Argenine (R)***, R*® Threonine (T)**, Asparagine (N)'*°, and Aspartate (D)'*° were
additionally mutated compared to SN25 LC 4G. R™ and R™® were mutated in a recent study to aspartate in
order to reverse their charge from positive to negative. Flipping the charge of the argenine residues
(RBBA/R™A) yielded a protein less capable of engaging with Stx to form acceptor complexes, and even
less efficient to form SNARE complexes compared to WT protein (Jiang et al., 2019). The same phenotype
was observed when the polar uncharged T** was mutated to the nonpolar negatively charged aspartate. The
mechanism postulated is this threonine undergoes phosphorylation which in turn affects the electrostatic
interaction with Stx. This eventually affects the SNARE complex assembly. Although the C-terminal
mutations should have an effect on the stability of the primed vesicle pool, it was surprising that a triggering
phenotype was also observed in our SN25 LC 9G mutant as this end of the linker is relatively far from the
fusion pore and the C-terminal end of the core complex. Therefore, it is apparent that the tight connection

between the C-terminus of the linker and the SN2 motif is crucial to enable the multiple mechanistic
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functions (i.e. priming and triggering) performed by this linker loop. Mutating only one arginine (R**) of
the two together with the D**, both to alanine, decreased the readily releasable pool and produced a delayed
phenotype which again pinpoints the necessity of such polar amino acids for SNAP-25 to properly interact
with its SNARE partners. It would be interesting to further investigate the engagement of this mutant with
syx to form acceptor complexes and in full SNARE complex assembly. Exchanging the whole C-terminal
part of the linker produced a compound phenotype as the SN25 LC G/S even lacks important sequence
1%VDEREQMAI*?® that is needed for proper exocytosis (Nagy et al., 2008).

1.23 Does the acylated linker region serve as a membrane interface that controls

fusion pore evolution?

Using amperometric recordings, we were able to gain more information about a potential
contribution of the SN25 linker in fusion pore opening and expansion. We checked the impact of either the
N- or C- terminal end of the linker on the fusion pore. In Ca?*-uncaging experiments, the phenotypes of
SN25 LN G/S and SN25 LC G/S. Interestingly, via studying single fusion events, we observed different
impact from SN25 LN G/S and SN25 LC G/S mutants. The N- terminal linker substitution had delayed
discharge kinetics of neurotransmitters, while the C- terminal linker substitution had, surprisingly, no impact
on the kinetics of single fused vesicles. This suggests that the N-terminal part exerts its impact on the fusion

pore characteristics through its interactions with membrane components.

The effect of the linker on the fusion pore was incremental. Amperometric spikes elicited via infusion of 19
UM Ca?* through the patch pipette were studied. The initial PSF duration was increased in the case of the
cysteine deficient mutant. The change observed in the PSF properties elicited by the cysteine deficient
mutant could be attributed to the ability of the cysteine moieties to interact with the lipid bilayer, and
possibly modifying local membrane properties. Previous studies were able to accelerate or decelerate the
PSF duration by using membrane perturbing agents such as lysophosphatidylcholine (LPC) or arachidonic
acid (AA). When applying LPC and AA exogenously on to chromaffin cells, they observed faster feet in
case of LPC and slower in case of AA without affecting the overall frequency of observed spike with feet.
This affect was attributed to the modified membrane curvature induced by those introduced fatty acids
(Amatore et al., 2007). The main spike characteristics were affected when the whole N- terminal linker
region was rendered out of position using the 14 amino acids shift mutant in addition to the delayed kinetics
of the PSF (Figure 33). In this case, the kinetics of transmitter discharge were significantly slowed down.
This slowdown indicates that the dilatation of the fusion pore was delayed. The same effect was observed
when the N-terminal stretch was completely substituted with a flexible GGS peptide with the SN25 LN G/S
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mutant. Therefore, we can observe from the data two mechanistically different effects: [1] the effect on the
nascent fusion pore and the local lipid properties, reflected in the PSF, and the cysteine residues playing
role in that especially as they are situated very close to the contact point between the vesicle and the plasma
membrane; [2] the effect mediated by the entire structure of the N-terminal part of the linker as it directly
affects the fusion pore expansion itself in addition to the initial PSF. The effect on the fusion pore could be
related to a different scenario by which the protein-protein interaction is affected.

One scenario could be the N-terminal linker region of SNAP-25 is actively interacting with the JMD
domains of either syx or syb. Alternatively, the N-terminal linker stretch could have some interaction with
accessory proteins such as synaptotagmin and/or complexin known for having some effect on the fusion
pore expansion (Dhara et al., 2014). Lysine residues surrounding the cysteine amino acids at the N-terminus
of the linker are probably responsible for this additional impact on the main spike; the lysine residues could
be of greatest impact due to their charged nature as well as the proximity from the fusion pore (Figure 36).
Mutation of lysine amino acids in the JMD region of syb caused a marked reduction in release upon
Ca?"-uncaging, thus having a great impact in stabilizing the primed pool of vesicles in chromaffin cells
(Borisovska et al., 2012). Therefore, we assume that the lysine residues residing in the SN25 linker at the
fusion pore are indeed of importance in supporting protein-lipid interaction and subsequently fusion pore

expansion.

Our experiments revealed that not only the primary structure of the linker is needed, but also the close
contact of the N-terminus of the SN25 linker to the SN1 (and the fusion pore at the C-terminal end of the
complex). The SN25 shift 14 aa mutant put the linker in a disadvantageous position where the N-terminus
cannot be in the vicinity of the fusion pore anymore. This deregistered position yielded severe deficits in
the single spike properties as mentioned before. The deficits were surprisingly as severe as exchanging the
entire N-terminal linker sequence with a flexible peptide confirming the need of the whole stretch to support
fast fusion of vesicles in chromaffin cells. In addition, the C-terminal linker exchange with a flexible peptide
did not yield any changes in either the PSF or the spike characterizes. In the case of late stages of fusion,
the C-terminal part of the linker is facing the half-zippered SNARE complex (Jahn and Fasshauer, 2012)
and therefore might not have any contribution in mediating fusion. The N-terminal end of the linker is,
however, positioned at the neck of the fusion where proper protein-lipid interaction is crucial in order to
ensure fast opening and expansion of the pore. Our data provides new evidence of the SN25 linker
contribution to the late stages of fusion through a protein:membrane interface formed mainly through its N-

terminal end.

89



DISCUSSION

1.24 Effects of conformational tension within the SN25 linker

The crystal structure of fully assembled core SNARE complex showed that its coiled-coil structure
extends for a total length of 12 nm (Sutton et al., 1998), with the linker putatively stretching out along the
length of the complex. While linker length is considered to be sufficient to just cover this distance, there
have been speculations that crosslinking of cysteine residues in the palmitoylation site due to oxidative
stress could hinder normal assembly (Bock et al., 2010; Foley et al., 2012). Given the considerations that
min changes in linker length could affect SNARE complex structure, we wondered whether conformational
tension in the linker may play a role in stabilizing the primed intermediate before the Ca?*-trigger induces
membrane merger. However, addition of a flexible peptide of either 7aa or 14aa length in the middle of the
linker did not show any triggering or pool deficits and was rather well tolerated by the overall linker

structure.

The SN25 linker was extended by either 7 or 14 amino acid peptide after A® The extension left the whole
N-terminal part of the linker (needed by DHHC acyl-transferase enzymes) intact and could be subsequently
efficiently targeted to the membrane. The first 7 amino acids added were of similar sequence to that extra
amino acids in the linker of SNAP-23, while the other 7 amino acids were the “GGS” flexible peptide
sequence as denoted in (Figure 22 A, Figure 23 A; respectively). Surprisingly, the release kinetics from both
mutants were similar to that of WT (Figure 22 B, C; Figure 23 B, C). Therefore, we conclude that the overall
length of the linker is not a major factor in performing its function. In fact, it seems that the SN25 linker can
perform its function fully when the N-terminal motif is directly attached to the SN1 and the C-terminal motif

attached to the SN2, independent of the inserted peptides.

This left us with another interesting phenotype elicited by the SN25 -4AA mutant, where four non-conserved
amino acids from the SN25 linker were deleted producing a shorter linker. We observed a boost (almost
doubled) effect for the slowly releasable pool of the SN25 -4AA mutant compared to WT SNAP-25.
Looking into the states of SNAREs assembly, Gao et al. (2012) showed that there are three distinct states
of SNAREs zippering using optical tweezers. A metastable state was described as the “half-zippered”
conformation where the N-terminal domain of the SNARES is zippered and the remaining C-terminal
domain free. This conformation stabilizes the ready-releasable pool of neurotransmitter filled vesicles
(Walter et al., 2010). Given already the very short distance that the whole complex occupies (12 nm), we
would speculate that the SN25 -4AA mutant shifts the equilibrium of the whole complex into a half-zippered
and more ready to fuse state at which less force is needed to overcome the energy barrier of vesicle fusion.

Probably in the case of chromaffin cells lacking specialized active zones, the SRP would be more affected
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in this case as the RRP would be more sensitive to Ca2* concentrations and proximity of the vesicles to the
neighboring Ca?* channels.

Another postulation is that shortening of the linker could produce a more rigid structure with less ability to
move. Subsequently, spontaneous fusion of vesicles could be hampered by having a more thermostable
SNARE complex that is not fusogenic under submicromolar calcium concentrations which is the case in
unstimulated cells. In syb mutants with two highly conserved tryptophan residues substituted in the
juxta-membrane domain, diminished secretion was observed in chromaffin cells and was attributed to the
high degree of flexibility between the SNARE motif and TMD of syb. However, the calcium sensitivity was
unchanged compared to WT syb weakening this clamping/unclamping theory. An interesting experiment in
that sense would be to check the clamping potency of SN25 -4AA mutant at different submicromolar Ca?*
concentrations to assess a possible clamping effect. The clamping effect would lead eventually to more
accumulation of vesicles that could be in turn released upon Ca?*-uncaging eliciting the boosted phenotype.
Another possible scheme would be the ability of the SNAP-25 to modulate the process of
“priming/depriming” through the post-translational modification, in this case phosphorylation. Nagy et al.
(2004) showed that SNAP-25 phosphorylation by protein kinase A (PKA) reduces the depriming rate from
the unprimed pool to the SRP/RRP. Despite that phosphorylation occurs at threonine T in the C-terminal
linker region, it cannot be excluded that such shortening in the overall length of the linker could render the

whole linker in a configuration that is more prone to phosphorylation by PKA.

To conclude, we showed here that the linker could enhance the exocytotic burst, 0-0.5 s after the
Ca?*-uncaging trigger, by shortening the linker either by clamping the release at resting stage leading to
higher pool build up and release upon triggering, or via stabilizing an intermediate state of half-zippered
SNARE complex that is less energy demanding to fuse vesicles. Either way, this is the first shortening
experiment to the linker yielding this augmented effect. Studying the ultrastructure of the LDCVs in
chromaffin cells or SVs in neurons expressing this mutant protein would be helpful in giving more insights

about the distribution of the vesicles and their proximity from their release sites.
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Figure 36 Mechanistic model of SNAP-25 linker function in exocytosis.

The cartoon summarizes putative mechanistic functions of the SN25 linker in acceptor complex formation (1),
stabilization of the primed pool (2), fusion triggering (3,4), and fusion pore expansion (5). Syb-2 is shown in blue, Stx-
1A in red, and SNAP-25 in green. The acylated N-terminal linker segment is indicated by the cyan region; the blue
section represents the back-folding C-terminal loop of SNAP-25. Helical segments are shown as boxes. Yellow circles
indicate cysteine residues that were modified by acylation (black wavy lines). For clarity, only the SNARE motif of
Syb-2 and Stx-1A are shown in the magnified views.
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Conclusion and perspectives

In summary, our data show a completely new view about the mechanistic role of the SN25 linker,
delineating its functional relevance in multiple steps of the fusion mechanism. N- and C- linker mutations
showed severe secretion phenotypes, confirming that the linker is involved in different stages of exocytosis
such as priming, primed pool stabilization, and fusion triggering. Mechanistically, our experiments hint that
the full linker acts as regulator to the full SNARE complex assembly with the C-terminal linker region
stabilizing the t-SNARE complexes and thereby may serve as a supporting element anchoring the linker to
the N-terminal end of the SNARE complex. On the other hand, the N-terminal end of the linker modulates
fusion triggering step as well as maintaining the primed fusion intermediates and subsequently control the
zippering of the C-terminus of the SNARE complex and fusion pore expansion. The linker, however, is not
involved in force transduction. To sum up, the multi-level facilitatory functions of the SN25 linker support
the operation of the exocytotic machinery, enabling it to meet the speed and accuracy requirements of

neuronal as well as neuroendocrine secretion.
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Appendix for all statistical analysis of the presented data.

Figure 11 D
Number of . A
ACM (5s) Label Mean (F) SD (F) SEM (F) n — Comparison P Significant ANOVA
Dunn's
SNAP-25 WT 3.90E-13 1.63E-13 2.97E-14 30 6 WT vs. SN25A26 <0.05 Yes
post hoc
SN25A26+mCh-SN2 -4.29E-16 1.46E-14 2.81E-15 27 6 WT vs. KO <0.05 Yes
KO 3.074E-14 1.411E-14 2.942E-15 23 6 KO vs. SN25A26 <0.05 Yes
ACM (1s) Label Mean (F) SD (F) SEM (F) n N”:::ﬁ; & Comparison P Significant |  ANOVA
Dunn's
SNAP-25 WT 2.73E-13 1.25E-13 2.28E-14 30 6 WT vs. SN25A26 <0.05 Yes
post hoc
SN25A26+mCh-SN2 -1.80E-17 5.55E-15 1.07E-15 27 6 WT vs. KO <0.05 Yes
KO 1.57E-14 1.07E-14 2.24E-15 23 6 KO vs. SN25A26 <0.05 Yes
Sust. Rel. Label Mean (F) SD (F) SEM (F) n N”:::; i Comparison P Significant |  ANOVA
Dunn's
SNAP-25 WT 2.95E-14 1.68E-14 3.06E-15 30 6 WT vs. SN25A26 <0.05 Yes
post hoc
SN25A26+mCh-SN2 -1.03E-16 3.32E-15 6.39E-16 27 6 WT vs. KO <0.05 Yes
KO 3.75E-15 4.09E-15 8.53E-16 23 6 KO vs. SN25A26 <0.05 Yes
Figure 13 D
Number of . At
ACM (5s) Label Mean (F) SD (F) SEM (F) n s Comparison P Significant ANOVA
Tukey's
SNAP-25 WT 3.236-13 1.52E-13 2.93€-14 27 4 WT vs. KO <0.001 Yes
post hoc
WT vs.
SN25AC+mCh-SN2 1.11E-13 8.06E-14 1.76E-14 21 4 SN25AC+mCh- <0.001 Yes
SN2
Ko 2.96E-14 3.03E-14 5.35€-01 32 4 Split S;VS' Ko 0.013 Yes
ACM (1s) Label Mean (F) SD (F) SEM (F) n N“:::; & Comparison P Significant |  ANOVA
Tukey's
SNAP-25 WT 2.31E-13 1.19E-13 2.29E-14 27 4 WT vs. KO <0.001 Yes
post hoc
WT vs.
SN25AC+mCh-SN2 6.57E-14 5.68E-14 1.24E-14 21 4 SN25AC+mCh- <0.001 Yes
SN2
KO 1.27€-14 1.32E-14 2.32E-15 32 4 SNLL;;NZ Ve 0.038 Yes
Number of . e
Sust. Rel. Label Mean (F) SD (F) SEM (F) n i Comparison P Significant ANOVA
Tukey's
SNAP-25 WT 2.30E-14 1.47E-14 2.83E-15 27 4 WT vs. KO <0.001 Yes
post hoc
WT vs.
SN25AC+mCh-SN2 1.13E-14 8.29E-15 1.81E-15 21 4 SN25AC+mCh- <0.001 Yes
SN2
KO 4.24E-15 5.71E-15 1.01E-15 32 4 SNI-LEZNZ Vs 0.041 Yes
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Figure 15 C
Number of . A
ACM (5s) Label Mean (F) SD (F) SEM (F) n S Comparison P Significant ANOVA
SNAP-25 WT 3.26E-13 112613 225614 25 3 WTvs. SN2SL 1 6 001 Yes LGS
G/S post hoc
SN25 L G/S 4.38E-14 3.44E-14 6.75E-15 26 3 WT vs. KO <0.001 Yes
) 3.70E-14 2.84E-14 5.92E-15 23 3 ko VS(‘;/SSNZS t 0.939 No
ACM (15) Label Mean (F) SD(F) SEM (F) n N”:r':: & Comparison P Significant | ANOVA
SNAP-25 WT 2.36E-13 9.40E-14 1.88E-14 25 3 WTvs. SN25L 1 g 001 Yes WLEys
G/S post hoc
SN25 L G/S 1.85E-14 1.43€-14 2.81E-15 26 3 WT vs. KO <0.001 Yes
) 2.06E-14 1.75€-14 3.65E-15 23 3 ko "SG'/SSNZS t 0.991 No
Number of . S
Sust. Rel. Label Mean (F/s) SD (F/s) SEM (F/s) n S Comparison P Significant ANOVA
SNAP-25 WT 2.24E-14 1.126-14 2.24E-15 25 3 WTvs SN25L 1 g 901 Yes WLeys
G/S post hoc
SN25 L G/S 6.336-15 6.156-15 1.21E-15 26 3 WT vs. KO <0.001 Yes
Ko 4.10E-15 4.80E-15 1.00€-15 23 3 ko "SG';/SSNZS t 0593 No
Figure 15 E upper panel
ACM (55) Label Mean (F) SD(F) SEM (F) n N“;‘::;; o Comparison P Significant | ANOVA
SNAP-25 WT 2.516-12 7.706-13 1.826-13 18 4 WTvs. SN2SL 1 6 001 Yes WLEys
G/S post hoc
SN25 L G/S 255613 3.036-13 8.11E-14 14 4 WT vs. KO <0.001 Yes
Ko 3.86E-13 333613 1.00-13 1 4 Ko VSG'/SSNZS t 0.829 No
lower panel
ACM (55) Label Mean (F) SO (F) SEM (F) p || DmLErE Comparison p St || S
preps t-test
O WT vs. OF
OE SNAP-25 WT 2.64E-12 7.41E-13 2.056-13 18 2 SN2SL&/S 0.0115 Yes
OE SN25 L G/S 1.86E-12 471E-13 1.57€-13 14 2
Figure 17 B
Rel. Retention Label Mean SD SEM n Comparison P Significant ANOVA
SNAP-25 WT 0.715254 0.0493654 0.0201534 6 WTvs. SN2SL 1 5 001 Yes eV
G/S post hoc
SN25 L G/S 0.36817 0.0710886 0.0290218 6 WT'vs. <0.001 Yes
- : : SN1(+SN2) )
SN1 (+SN2) 0.468687 0.0674548 0.0275383 6 WL‘:,\;;” <0.001 Yes
SN2 (+SN1) 0.0813838 0.049238 0.0201013 6 WT(XZ‘NS;;H <0.001 Yes
SN1-L (+5N2) 0.394348 0.122381 0.0499617 6 WT vs. SN2 <0.001 Yes
(+SN1-L)
SN2 (+SN1-L) 0.12315 0.0735802 0.030039 6 WT vs. SN1 >0.05 No
(+SN2-L)
SN (+SN2-L) 0.701219 0.153008 0.0624651 6 WT(X;‘NSSZ'L <0.001 Yes
SN2-L (+SN1) 0.419321 0.0974562 0.0397863 6 WT(;'ISO:SZL <0.001 Yes
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WT vs. WT (GST-

SN2-L (alone) 0.0564529 0.0269573 0.0110053 6 pd <0.001 Yes

SNAP‘ZGSF\:{[ (GsT- 0.0240377 0.0268464 0.01096 6 5 ’\5',2\‘51 tg/st\;& >0.05 No

S ’\;ESZ E:;/NS 1‘;5‘ <0.001 Yes

i | o | e

sSNszs (iseré i VLS) <0.001 Yes

SSNNZf (ESG,@‘S <0.001 Yes

i o |

;’;‘TZ?GL;/SFV;) <0.001 Yes

S’:Lyﬁfgﬁll‘;s' <0.001 Yes

WD | e | e

SS’\‘NIZ(:fS’\ﬁl)‘II_S) <0.001 Yes

SS’\‘Nll(:fS’\:\IZZ)‘II_S) <0.001 Yes

e | on |

f/’;'Tl ((;?26) F"F'f) <0.001 Yes

Ss’"hlzl(fg;)q‘g <0.001 Yes

e | | e

SsNr\|21(:fsNN12)‘S <0.001 Yes

SsNsz(IS(’EL‘ﬁ <0.001 Yes

ss’\r‘uzzfts(:?n‘:)' >0.05 No

e | on | e

5"3\‘; (‘::::f)L‘;S <0.001 Yes

5’;‘;;&2:“;):’; <0.001 Yes

SwTL(é;STNé;;)S <0.001 Yes

5";?\“1*&%;):;5 <0.001 Yes

5’;;(2*?:1531")5 <0.001 Yes

S | o |

Sgi‘é*f”('fsh)l‘)’s <0.001 Yes

S’S\‘;(;i"(’;:;e")s <0.001 Yes

5\’;‘\}#(*;2?;&;’)5‘ <0.001 Yes

S\’;‘\/ZTL(((;;iNél;)s <0.001 Yes

SN2-L (alone)
vs. WT(GST- >0.05 No
GFP)
Figure 18 C

RRP Label Mean (F) SD (F) SEM (F) n Nu:::s; @i Comparison P Significant ANOVA
SNAP-25 WT 9.17E-14 6.03E-14 8.89E-15 46 7 WTvs. SN2S N1 g 001 Yes WLy
G/S post hoc
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SN25 -cys 1.86E-14 3.80E-14 5.22E-15 53 7 wr Vsc‘yist . nd.
SN25 -cys vs.
SN25 LN G/S 0 0 0 22 7 SN25 LN G/S n.d.
TRRP Label Mean (ms) SD (ms) SEM (ms) n Nu:::s; i Comparison P Significant ANOVA
SNAP-25 WT 0.0126 0.00612 0.000922 46 7 WTvs. SN25 LN n.d. WLEys
G/S post hoc
SN25 -cys 0.0239 0.0114 0.00295 53 7 wr Viyist ) <0.001 Yes
SN25 -cys vs.
SN25 LN G/S n.d. n.d. n.d. 22 7 SN25 LN G/S n.d.
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n Nupmr:':; i Comparison P Significant ANOVA
SNAP-25 WT 3.05E-14 1.88E-14 2.76E-15 46 7 WTvs. SN2SIN 16 024 Yes WLEys
G/S post hoc
SN25 -cys 1.99E-14 1.29E-14 1.77€-15 53 7 wr "Sc'yims ) 0.003 Yes
SN25 -cys vs.
SN25 LN G/S 1.98E-14 1.35E-14 2.87E-15 22 7 SN25 LN G/S 1 No
SRP Label Mean (F) D (F) SEM (F) n N”:::; @i Comparison P Significant ANOVA
SNAP-25 WT 9.736-14 4.95€-14 7.29€-15 46 7 WTvs. SN2SIN 1 g6 Yes WLEys
G/S post hoc
. SN25 -
SN25 -cys 1.14E-13 8.08E-14 1.11E-14 53 7 wr "‘C‘CVSSN > 0.459 No
SN25 -cys vs.
SN25 LN G/S 4.18E-14 6.68E-14 1.42E-14 22 7 SN25 LN G/S <0.001 Yes
TSRP Label Mean (ms) SD (ms) SEM (ms) n Nu:::;; i Comparison P Significant ANOVA
SNAP-25 WT 0.132 0.0723 0.0108 a6 7 WIvs. SNZSIN | 15 Yes 7S
G/S post hoc
SN25 -cys 0.241 0.243 0.0334 53 7 wr "SC'VSSst ) 0.019 Yes
SN25 -cys vs.
SN25 LN G/S 0.307 0.263 0.073 22 7 SN25 LN G/S 0.527 No
delay Label Mean (ms) SD (ms) SEM (ms) n Nu:::': @i Comparison P Significant ANOVA
SNAP-25 WT 0.00242 0.00272 0.000401 46 7 WTvs. SN25 LN <0.001 Yes s
G/S post hoc
SN25 -cys 0.00651 0.00488 0.00067 53 7 wr VinSNZS B 0.012 Yes
SN25 -cys vs.
SN25 LN G/S 0.019 0.0141 0.00301 22 7 SN25 LN G/S <0.001 Yes
Figure 19 C
Number of . . Student's
RRP Label Mean (F) SD (F) SEM (F) n I Comparison P Significant tTest
SNAP-25 WT 1.25E-13 5.97E-14 1.17E-14 26 6 wr vséingS Le <0.001 Yes
SN25 LC G/S 5.66E-15 1.57E-14 2.87E-15 31 6
Number of . S Student's
TRRP Label Mean (ms) SD (ms) SEM (ms) n e Comparison P Significant P
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SNAP-25 WT 0.0131 0.00365 0.00073 26 6 wr VS&;’:ZS Le <0.001 Yes
SN25 LC G/S 0.0572 0.0168 0.00842 31 6
Number of Student's
rel. . .
sust. rel Label Mean (F/s) SD (F/s) SEM (F/s) n - Comparison P Significant tTest
SNAP-25 WT 3.10E-14 1.78E-14 3.50E-15 26 6 wr vséingS Le 0.0147 Yes
SN25 LC G/S 1.91E-14 1.78E-14 3.19E-15 31 6
Number of . N Student's
SRP Label Mean (F) SD (F) SEM (F) n S Comparison P Significant tTest
SNAP-25 WT 9.35E-14 5.41E-14 1.06E-14 26 6 wr VS'G%\‘ZS L <0.001 Yes
SN25 LC G/S 2.80E-14 4.50E-14 8.21E-15 31 6
TSRP Label Mean (ms) SD (ms) SEM (ms) n METEE? 6 Comparison P Significant Slitelais
preps t-Test
. SN25 L .001
SNAP-25 WT 0123 00548 0.0108 26 6 wr "SGig sLe 00: 4 Yes
SN25 LC G/S 0.272 0.211 0.0565 31 6
Number of . S Student's
delay Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant eI,
SNAP-25 WT 0.0016 0.00156 0.000307 26 6 wr "5&32'25 | <0001 Yes
SN25 LC G/S 0.0175 0.0232 0.00465 31 6
Figure 20 B
MEGlETS Label Mean (a.u.) ) SEM n elEey 6l Comparison P Significant | ANOVA
fluorescence preps
SNAP-25 WT 16844.536 5100.885 1063.608 23 3 SNAP-ZSWTvs | 057 Yes WLy
SN25 -cys post hoc
SN25 LN G/S vs
SN25-cys 12436.518 4971.471 1036.623 23 3 SN25 LC G/S 0.037 Yes
SN25 LN G/S 13200.776 4907.929 1046.374 22 3 SN25 LN G/S vs 0.692 No
SN25 -cys
SNAP-25 WT vs
SN25 LC G/S 17484.796 5888.779 1227.895 23 3 SN25 LCG/S 0.976 No
Figure 21 B
Rel. Retention Label Mean SD SEM n Comparison P Significant ANOVA
SNAP-25 WT 0.707 0.0699 0.0202 12 WTvs. SNZSLN - 605 No WL
G/S post hoc
SN25 LN G/S 0.69 0.1035 0.0299 12 wr vséigﬂs Le <0.001 Yes
SN25 LN G/S vs.
SN25 LC G/S 0.512 0.0854 0.0246 12 SN25 LC G/S <0.001 Yes
Figure 22 C
Number of . S Student's
RRP Label Mean (F) SD (F) SEM (F) | I ‘ Comparison P ‘ Significant ‘ .
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SNAP-25 WT 1.40E-13 1.06E-13 2.12E-14 25 5 WT vs. SN25 0.864 No
ext7aa
SN25 ext7aa 1.44E-13 9.81E-14 1.96E-14 28 5
TRRP Label Mean (ms) SD (ms) SEM (ms) n e i Comparison P Significant SElES
preps t-test
SNAP-25 WT 0.0224 0.0101 0.00214 25 5 WT vs. SN25 048 No
ext7aa
SN25 ext7aa 0.0248 0.0128 0.00268 28 5
Number of . N Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n — Comparison P Significant .
SNAP-25 WT 3.08E-14 1.81E-14 3.61E-15 25 5 WT vs. SN25 0.787 No
ext7aa
SN25 ext7aa 3.21E-14 1.48E-14 2.95E-15 28 5
SRP Label Mean (F) so(F) SEM (F) m || k= Comparison P significant | Student's
preps t-test
SNAP-25 WT 1.12€-13 1.16E-13 2.336-14 25 5 WT vs. SN25 0.899 No
ext7aa
SN25 ext7aa 1.16E-13 1.25€-13 2.51E-14 28 5
TSRP Label Mean (ms) SD (ms) SEM (ms) n METEE? 6 Comparison P Significant Slitelais
preps t-test
SNAP-25 WT 0.152 0.0992 0.0207 2 5 WT vs. SN25 0512 No
ext7aa
SN25 ext7aa 0.174 0.119 0.0254 28 5
Number of . S Student's
delay Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant e
SNAP-25 WT 0.00374 0.00312 0.000756 17 5 WT vs. SN25 0.889 No
ext7aa
SN25 ext7aa 0.00359 0.00262 0.000756 21 5
Figure 23 C
Number of . P Student's
RRP Label Mean (F) SD (F) SEM (F) n i Comparison P Significant .
SNAP-25 WT 1.73E-13 1.45E-13 3.52E-14 17 5 WT vs. SN25 0.905 No
extl4aa
SN25 extl4aa 1.68E-13 9.77E-14 2.82E-14 21 5
TRRP Label Mean (ms) SD (ms) SEM (ms) n ety @l Comparison P Significant SRl
preps t-test
SNAP-25 WT 0.0302 0.0237 0.00574 17 5 WT vs. SN25 0.843 No
extl4aa
SN25 extl4aa 0.0317 0.0118 0.00341 21 5
Number of . S Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n i Comparison P Significant .
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SNAP-25 WT 3.05E-14 1.12E-14 2.88E-15 17 5 WT vs. SN25 0.0751 No
extld4aa
SN25 extl4aa 4.21E-14 2.09E-14 6.04E-15 21 5
SRP Label Mean (F) so(F) SEM (F) g || e Comparison P significant | Student's
preps t-test
SNAP-25 WT 8.95E-14 6.08E-14 1.47E-14 17 5 WT vs. SN25 0.662 No
extl4aa
SN25 extl4aa 7.99E-14 5.23E-14 1.51E-14 21 5
TSRP Label Mean (ms) SD (ms) SEM (ms) n Ty Comparison P Significant StElEiS
preps t-test
SNAP-25 WT 0.154 0.1 0.0269 17 5 WT vs. SN25 0.327 No
extl4aa
SN25 extl4aa 0.196 0.104 0.033 21 5
Number of . S Student's
delay Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant test
. SN2
SNAP-25 WT 0.00406 0.00482 0.000964 25 5 WT vs. SN25 0.806 No
extl4aa
SN25 extl4aa 0.00375 0.00388 0.000777 28 5
Figure 25 C
RRP Label Mean (F) sD(F) SEM (F) || el Comparison P significant | Student's
preps t-test
SNAP-25 WT 1956-13 142613 263614 | 29 6 WIve 251 0303 No
SN25 -4AA 2.25E-13 1.336-13 2.35E-14 32 6
TRRP Label Mean (ms) SD (ms) SEM (ms) n elEey 6l Comparison P Significant SIS
preps t-test
SNAP-25 WT 0.0194 0.00608 0.00113 29 6 wr VZ'AiNZS B 0.0274 Yes
SN25 -4AA 0.0239 0.00905 0.00163 32 6
Number of . P Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n i Comparison P Significant .
SNAP-25 WT 2.18E-14 1.16E-14 2.14E-15 29 6 wr vZAiNZS B 0.121 No
SN25 -4AA 2.82E-14 1.88E-14 3.33E-15 32 6
Number of . . Student's
SRP Label Mean (F) SD (F) SEM (F) n I Comparison P Significant P
SNAP-25 WT 9.37E-14 5.44E-14 1.01E-14 29 6 wr VZAiNZS B <0.001 Yes
SN25 -4AA 1.90E-13 9.37E-14 1.66E-14 32 6
TSRP Label Mean (ms) SD (ms) SEM (ms) n i @i Comparison P Significant Stz
preps t-test
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SNAP-25 WT 0121 0.0629 0.0117 29 6 wr VZ‘AiNZS © | 0.0993 No
SN25 -4AA 0.154 0.0873 0.015 32 6
Number of . . Student's
delay Label Mean (ms) SD (ms) SEM (ms) n S Comparison P Significant .
SNAP-25 WT 0.00334 0.00194 0.000361 29 6 wr VZ‘AZNZS ) 0.0587 No
SN25 -4AA 0.00442 0.0024 0.000424 32 6
Figure 26 C
Number of . N Student's
Fpeak Label Mean (a.u.) SD (a.u.) SEM (a.u.) n s Comparison P Significant tTest
P-GFP-WT vs. P-
P-GFP-SN25 WT 5845.594 2843.409 620.483 21 3 GFP-SN25 -cys 0.117 No
P-GFP-SN25 -cys 7680.798 4495.048 937.282 23 3
Figure 27 C
Number of . P Student's
RRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant i Test
P-GFP-WT vs. P-
P-GFP-SN25 WT 1.03E-13 6.40E-14 1.19€-14 26 5 GFP-SN25 -cys 0.0194 Yes
P-GFP-SN25 -cys 6.06E-14 6.34E-14 1.27e-14 25 5
TRRP Label Mean (ms) SD (ms) SEM (ms) n MaiiEey 6 Comparison P Significant SIS
preps t-Test
P-GFP-WT vs. P-
P-GFP-SN25 WT 0.0187 0.013 0.0025 26 5 GFP-SN25 -cys 0.021 Yes
P-GFP-SN25 -cys 0.0319 0.0245 0.00548 25 5
Number of . S Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n - Comparison P Significant tTest
P-GFP-WT vs. P-
P-GFP-SN25 WT 3.69E-14 2.03E-14 3.78E-15 26 5 GFP-SN25 -cys 0.273 No
P-GFP-SN25 -cys 3.16E-14 1.30E-14 2.60E-15 25 5
SRP Label Mean (F) SD (F) SEM (F) n Nt @7 Comparison P Significant Samgtamizs
preps t-Test
P-GFP-WT vs. P-
P-GFP-SN25 WT 1.38E-13 8.70E-14 1.62E-14 26 5 GFP-SN25 -cys 0.136 No
P-GFP-SN25 -cys 1.07E-13 5.99E-14 1.20E-14 25 5
Number of . S Student's
TRRP Label Mean (ms) SD (ms) SEM (ms) n I Comparison P Significant P
P-GFP-WT vs. P-
P-GFP-SN25 WT 0.159 0.0976 0.0184 26 5 GFP-SN25 -cys 0.0396 Yes
P-GFP-SN25 -cys 0.214 0.0838 0.0179 25 5
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Number of . . Student's
delay Label Mean (ms) SD (ms) SEM (ms) n e Comparison P Significant Test
P-GFP-WT vs. P-
P-GFP-SN25 WT 0.0032 0.00324 0.000601 26 5 GFP-SN25 -cys 0.444 No
P-GFP-SN25 -cys 0.00394 0.00382 0.000763 25 5
Figure 28 D
non-normalized
data
Number of . . Student's
RRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant Test
SNAP-25 WT 1.208E-13 6.598E-14 1.132E-14 35 7 wr \{S‘ SN25 0.154 No
Shiftéaa
SN25 shift6aa 9.665E-14 6.543E-14 1.236E-14 26 7
TRRP Label Mean (ms) SD (ms) SEM (ms) n T 6 Comparison P Significant SelEis
preps t-Test
SNAP-25 WT 0.0174 0.0102 0.00178 35 7 wr YS' SN25 0.0085 Yes
Shiftéaa 3
SN25 shift6aa 0.025 0.0117 0.00221 26 7
Number of . S Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n S Comparison P Significant tTest
. SN2
SNAP-25 WT 2.97€-14 1.472€-14 2.524€-15 35 7 WT vs. SN25 0.0688 No
Shiftéaa
SN25 shift6aa 3.525E-14 1.408E-14 2.661E-15 26 7
Number of . S Student's
SRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant ey
SNAP-25 WT 9.655E-14 6.549E-14 1.123E-14 35 7 WT vs. SN25 0.564 No
Shiftéaa
SN25 shiftbaa 8.719E-14 5.879E-14 1.131E-14 26 7
TSRP Label Mean (ms) SD (ms) SEM (ms) n eiEer 6l Comparison P Significant Slvelanis
preps t-Test
SNAP-25 WT 0111 0.0568 0.0102 35 7 WT vs. SN25 0.0086 Yes
Shiftéaa 1
SN25 shiftbaa 0.166 0.0949 0.019 26 7
Number of . . Student's
delay Label Mean (ms) SD (ms) SEM (ms) n i Comparison P Significant tTest
SNAP-25 WT 0.00184 0.00197 0.000337 35 7 wr YS‘ SN25 0.0146 Yes
Shift6aa
SN25 shift6aa 0.00323 0.0024 0.000454 26 7
RRP Label Mean (F) SD (F) SEM (F) n Wmatear @ Comparison P Significant Stz
preps t-Test
SNAP-25 WT 1.599E-13 9.011E-14 1.673E-14 30 7 wr _\154 SN25 0.505 No
Shift10aa
SN25 shift10aa 1.439E-13 1.054E-13 1.626E-14 43 7
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TRRP Label Mean (ms) SD (ms) SEM (ms) n et & Comparison P Significant SaHEliES
preps t-Test
WT vs. SN25 4.61E-
SNAP-25 WT 0.023 0.00915 0.0017 30 7 Shift10aa 07 Yes
SN25 shift10aa 0.0433 0.0179 0.0029 43 7
Number of . . Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n S Comparison P Significant tTest
SNAP-25 WT 2.792E-14 1.435E-14 2.665E-15 30 7 wr _VS‘ SN25 0.768 No
Shift10aa
SN25 shiftl0aa 2.694E-14 1.326E-14 2.045E-15 43 7
Number of . N Student's
SRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant tTest
SNAP-25 WT 9.231E-14 6.612E-14 1.228E-14 30 7 wr .VS' SN25 0.726 No
Shift10aa
SN25 shiftl0aa 1.016E-13 1.317€-13 2.032E-14 43 7
TSRP Label Mean (ms) SD (ms) SEM (ms) n METEE? 6 Comparison P Significant Slitelais
preps t-Test
WT vs. SN25 0.0006
SNAP-25 WT 0.129 0.0835 0.017 30 7 Shift10aa 61 Yes
SN25 shiftl0aa 0.227 0.12 0.0216 43 7
Number of . S Student's
delay Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant ey
SNAP-25 WT 0.00269 0.00272 0.000505 30 7 W vs. SN25 4.238 Yes
Shiftl4aa 06
SN25 shiftl0aa 0.00706 0.00432 0.000667 43 7
RRP Label Mean (F) sD(F) SEM (F) p || CEmlEred Comparison P significant | Student's
preps t-Test
SNAP-25 WT 1.428E-13 8.46E-14 1.338E-14 40 4 wr ,VS' SN25 0.517 No
Shiftl4aa
SN25 shiftl4aa 1.246E-13 1.513E-13 2.594E-14 34 4
Number of . . Student's
TRRP Label Mean (ms) SD (ms) SEM (ms) n - Comparison P Significant Test
SNAP-25 WT 0.0137 0.00615 0.000973 40 4 wr AVS‘ SN25 1.2E-11 Yes
Shiftl4aa
SN25 shiftl4aa 0.0478 0.0251 0.00493 34 4
Number of . S Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n s Comparison P Significant tTest
SNAP-25 WT 2.961E-14 1.439E-14 2.276E-15 40 4 wr _VS‘ SN25 0.787 No
Shiftl4aa
SN25 shiftl4aa 3.046E-14 1.187E-14 2.036E-15 34 4
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Number of . . Student's
SRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant Test
SNAP-25 WT 9.601E-14 5.633E-14 8.907E-15 40 4 wr _VS' SN25 0.787 No
Shiftl4aa
SN25 shiftl4aa 1.011E-13 1.015E-13 1.741E-14 34 4
TSRP Label Mean (ms) SD (ms) SEM (ms) n e i Comparison P Significant SElES
preps t-Test
WT vs. SN25 0.0005
SNAP-25 WT 0.121 0.0844 0.0135 40 4 Shift14aa 29 Yes
SN25 shiftl4aa 0.206 0.0996 0.0203 34 4
Number of . N Student's
delay Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant tTest
WT vs. SN25 6.46E-
SNAP-25 WT 0.00111 0.00217 0.000344 40 4 Shift14aa 05 Yes
SN25 shiftl4aa 0.00617 0.00717 0.00123 34 4
Figure 29 D
Number of . et
RRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant ANOVA
SNAP-25 WT 1.08£-13 6.27E-14 8.09E-15 29 5 WIvs.SN25 | 5001 Yes LLkevs
LN post hoc
SN25 -cys 371614 5.22€-14 7.47E-15 2 5 o ;’jaz[ﬁis <0.001 Yes
SN25 LN*S vs.
SN25 -cys shift 14aa 1.73E-14 3.95E-14 7.47E-15 26 5 SN25 0.27 No
shift14aalN4c
Number of . S
TRRP Label Mean (ms) SD (ms) SEM (ms) n I Comparison P Significant ANOVA
SNAP-25 WT 00149 001 0.00134 29 5 WT vs. SN25 0.01 Yes Wlgys
LN post hoc
SN25 -cys 0.0247 0.0192 0.00345 24 5 S:{;;j;rﬁis <0.001 Yes
SN25 LN*S vs.
SN25 -cys shift 14aa 0.0397 0.0197 0.00593 26 5 SN25 0.013 Yes
shift14aalN4c
Number of . et
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n i Comparison P Significant ANOVA
SNAP-25 WT 3.05E-14 1.28E-14 1.65E-15 29 5 WT vs. SN25 0.044 Yes LEgs
LN post hoc
WT vs. SN25
SN25 -cys 2.31E-14 1.40E-14 1.92E-15 24 5 shift14aalN*CS 0.012 Yes
SN25 LN*S vs.
SN25 -cys shift 14aa 2.30E-14 1.50E-14 2.83E-15 26 5 SN25 0.999 No
shift14aalN4c
Number of . Ao
SRP Label Mean (F) SD (F) SEM (F) n I Comparison P Significant ANOVA
:
SNAP-25 WT 121E-13 6.43E-14 8.30E-15 29 5 ANOVA 0.075 No WL
post hoc
SN25 -cys 1.18E-13 7.46E-14 1.02E-14 24 5
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SN25 -cys shift 14aa 8.62E-14 6.86E-14 1.30E-14 26 5
Number of . N
TSRP Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant ANOVA
SNAP-25 WT 0.122 0.0911 0.0119 29 5 WT vs. SN25 0.012 Yes WLEys
LN post hoc
SN25 -cys 0.177 0.0887 0.0124 24 5 S:{;:Z;[ﬁ,,scs <0.001 Yes
SN25 LN*S vs.
SN25 -cys shift 14aa 0.299 0.139 0.0283 26 5 SN25 <0.001 Yes
shift14aalN*®
delay Label Mean (ms) SD (ms) SEM (ms) n Nupmr:':; i Comparison P Significant ANOVA
SNAP-25 WT 0.00189 0.00171 0.000219 29 5 WT vs. SN25 <0.001 Yes WLy
LN post hoc
WT vs. SN2
SN25 -cys 0.00534 0.00431 0.000591 24 5 shift:iazLN‘?cs <0.001 Yes
SN25 LN*S vs.
SN25 -cys shift 14aa 0.0111 0.00811 0.00153 26 5 SN25 <0.001 Yes
shift14aalN*c
Figure 30 C
RRP Label Mean (F) D (F) SEM (F) n N”:::; @i Comparison P Significant ANOVA
. SN25 - A
SNAP-25 WT 1.226-13 6.77E-14 1.18E-14 33 6 WT vs. SN25 <0.001 Yes ULE7H
cys 5K/A post hoc
SN25 -cys 2.58E-14 3.81E-14 6.356-15 36 6 wr "SC'VSSNZS © | <0001 Yes
SN25 LN*S vs.
SN25 -cys 5K/A 3.74E-14 8.89E-14 1.41E-14 37 6 SN25 LNSHAACS 0.746 No
TRRP Label Mean (ms) SD (ms) SEM (ms) n Nu:::;; i Comparison P Significant ANOVA
WT vs. SN25 Tukey's
SNAP-25 WT 0.0143 0.00792 0.0014 33 6 LNSkAACS 0.004 Yes sl
SN25 -cys 0.0283 0.0196 0.00462 36 6 wr L’;;,fs'\'zs <0.001 Yes
SN25 LN*S vs.
SN25 -cys 5K/A 0.0494 0.0294 0.00712 37 6 SN28 LNSHACS 0.035 Yes
Number of . et
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n i Comparison P Significant ANOVA
WT vs. SN25 Tukey's
SNAP-25 WT 3.13E-14 1.62E-14 2.81E-15 33 6 LNSMAACS 0.038 Yes oy ot
SN25 -cys 2.16E-14 1.66E-14 2.76E-15 36 6 WTL’;;,E:'ZS 0.034 Yes
SN25 LN*S vs.
SN25 -cys 5K/A 2.20E-14 1.51E-14 2.39E-15 37 6 SN25 LNSkAACS 0.994 No
SRP Label Mean (F) SD (F) SEM (F) n Nu:::s; @i Comparison P Significant ANOVA
SNAP-25 WT 1.111E-13 6.049E-14 1.053E-14 33 6 ANOVA 0.893 No
SN25 -cys 1.228E-13 1.21E-13 2.016E-14 36 6
SN25 -cys 5K/A 1.229E-13 1.486E-13 2.35E-14 37 6
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TSRP Label Mean (ms) SD (ms) SEM (ms) n Nu:::s: i Comparison P Significant ANOVA
WT vs. SN25 Tukey's
SNAP-25 WT 0.133 0.0913 0.0161 33 6 LNSAACS 0.002 Yes s ot
WT vs. SN25
SN25 -cys 0.193 0.104 0.0181 36 6 LNACS 0.035 Yes
4CS
SN25 -cys 5K/A 0.226 0.116 0.0208 37 6 2:2 IL’:‘SKA,Z; 0.533 No
delay Label Mean (ms) SD (ms) SEM (ms) n Nu:)‘::s’; i Comparison P Significant ANOVA
WT vs. SN25 Tukey's
SNAP-25 WT 0.00155 0.00138 0.000241 33 6 LNSHACS 0.659 No o
SN25 -cys 0.00774 0.0122 0.00204 36 6 wr :;.A?Sms 0.041 Yes
SN25 LN*S vs.
SN25 -cys 5K/A 0.00984 0.0127 0.00201 37 6 DS NSKALCS 0.003 Yes
Figure 31 C
Number of . P Student's
RRP Label Mean (F) SD (F) SEM (F) n s Comparison P Significant i Test
SNAP-25 WT 1.256-13 5.97E-14 1.176-14 26 6 wr "S'ASGNZS | <0001 Yes
SN25 LC 4G 7.03e-14 8.79E-14 1.63E-14 29 6
TRRP Label Mean (ms) SD (ms) SEM (ms) n iz 6 Comparison P Significant SIS
preps t-Test
SNAP-25 WT 0.0131 0.00365 0.00073 26 6 wr "S'fGst €1 o002 Yes
SN25 LC 4G 0.0301 0.0152 0.0034 29 6
Number of . S Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n - Comparison P Significant tTest
SNAP-25 WT 3.10E-14 1.78E-14 3.50E-15 26 6 wr VS':GNZS Le 0.002 Yes
SN25 LC 4G 2.74E-14 1.74E-14 3.23E-15 29 6
SRP Label Mean (F) sD(F) SEM (F) p || CEmlEred Comparison P significant | Student's
preps t-Test
SNAP-25 WT 9.35E-14 5.41E-14 1.06E-14 26 6 wr VS':GNZS Le <0.001 Yes
SN25 LC 4G 7.58E-14 6.54E-14 1.21E-14 29 6
Number of . . Student's
TRRP Label Mean (ms) SD (ms) SEM (ms) n - Comparison P Significant Test
SNAP-25 WT 0.123 0.0548 0.0108 26 6 wr "5‘456N25 € | oo0s Yes
SN25 LC 4G 0.175 0.144 0.0307 29 6
Number of . S Student's
delay Label Mean (ms) SD (ms) SEM (ms) n s Comparison P Significant tTest
SNAP-25 WT 0.0016 0.00156 0.000307 26 6 wr VS;‘S(;NZS L <0.001 Yes
SN25 LC 4G 0.00392 0.00441 0.000819 29 6
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Figure 32 C
RRP Label Mean (F) sD(F) SEM (F) n | Numberof Comparison P significant | Student's
preps t-test
SNAP-25 WT 1.34E-13 1.026-13 1.96E-14 27 6 wr VS‘BSGNZS L 0‘(;(;08 Yes
SN25 LC 9G 5.91E-14 6.65E-14 1.12€-14 34 6
TRRP Label Mean (ms) SD (ms) SEM (ms) n it Comparison P Significant SElS
preps t-test
SNAP-25 WT 0.0171 0.0087 0.00171 27 6 wr VS'BSGNZS L 1';25 Yes
SN25 LC 9G 0.037 0.0196 0.00384 34 6
Number of . N Student's
sust. rel. Label Mean (F/s) SD (F/s) SEM (F/s) n S Comparison P Significant .
SNAP-25 WT 2.01E-14 1.19€-14 2.28E-15 27 6 wr V5'956N25 € o No
SN25 LC 9G 1.92E-14 1.14E-14 1.92E-15 34 6
SRP Label Mean (F) sD(F) SEM (F) no | Numberof Comparison P significant | StRdent's
preps t-test
SNAP-25 WT 1.00€-13 6.11E-14 1.18€-14 27 6 wr "S'QSGNZS L 015 No
SN25 LC 9G 7.59E-14 6.78E-14 1.15E-14 34 6
TSRP Label Mean (ms) SD (ms) SEM (ms) n MaiiEey 6 Comparison P Significant SIS
preps t-test
SNAP-25 WT 0.115 0.0514 0.0099 27 6 WIvs N25LE | 00179 Yes
SN25 LC9G 0.218 0.215 0.0385 34 6
delay Label Mean (ms) SD (ms) SEM (ms) n (Wit @5 Comparison P Significant Slivelanis
preps t-test
SNAP-25 WT 0.00401 0.00251 0.000483 27 6 wr "S';GNZS L 0‘2(;07 Yes
SN25 LC9G 0.00724 0.0041 0.000724 34 6
Figure 32 B
Spike charge Label Mean (fC) SD (fC) SEM (fC) n Nu:::s; @i Comparison P Significant ANOVA
Tukey's
SNAP-25 WT 244.8583 86.5179 8.6954 100 15 (pooled) ANOVA 0.969 No s iee
SN25 -cys 236.5146 55.5647 11.8464 22 3
SN25 LN G/S 246.9646 55.1938 10.6221 27 4
SN25 shiftl4aa 252.0175 75.7785 16.156 22 3
SN25 LC G/S 241.4312 80.5943 20.1486 16 3
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Spike Number of . e
melitide Label Mean (pA) SD (pA) SEM (pA) n s Comparison P Significant ANOVA
SNAP-25 WT 120.7234 33.0579 3.3394 100 | 15 (pooled) SN25 -cys vs. 0.991 No TS
WT post hoc
SN25 -cys 116.3613 34.0314 7.2555 22 3 SN25 I;I’\\lITG/ SV | 0001 Yes
SN25 LN G/S 76.6957 25.0043 48121 27 4 SNZi :h\;\fltT”aa <0.001 Yes
SN25 shiftldaa 79.3846 21.1245 4.5038 22 3 SN25 I;I(\:If/s Ve 1 No
SN25 LC G/S 118.6585 32.0023 8.0006 16 3
O Number of . s
Spike risetime Label Mean (ps) SD (ps) SEM (ps) n S Comparison P Significant ANOVA
SNAP-25 WT 243.9578 39.4188 3.9617 100 | 15 (pooled) SN25 -cys vs. 0.928 No &S
WT post hoc
SN25 —cys 259.546 69.4933 14.816 22 3 SN25 I;;\“ITG/ Svs | <0001 Yes
SN25 LN G/S 340.0524 89.0606 17.1397 27 4 SNzi :h\'l\fl‘T”aa <0.001 Yes
SN25 shift14aa 340.0448 102.8766 21.9334 22 3 SN25 ;CITG/S ve: 1 No
SN25 LC G/S 243.253 60.0351 15.0088 16 3
Spike halfwidth Label Mean (ms) SD (ms) SEM (ms) n Nu;::;; @i Comparison P Significant ANOVA
25 -cys vs. /
SNAP-25 WT 14093 03627 00365 | 100 | 15(pooled) | V22V 096 No s
WT post hoc
SN25 -cys 1.5144 04326 00922 2 3 SN25 LV’:TG/ Svs | <0001 Yes
SN25 LN G/S 23392 0.5995 0.1154 27 4 SNZ‘T’/ :h\;tT“aa <0.001 Yes
SN25 shift14aa 21033 0.9206 0.1963 2 3 SN25 bf/TG/S Ve 1 No
SN25 LC G/S 1.3987 0.3884 0.0971 16 3
Figure 32 C
: Number of . P
Prespike ampl. Label Mean (pA) SD (pA) SEM (pA) n s Comparison P Significant ANOVA
SNAP-25 WT 16.1493 4283 0.4305 100 | 15 (pooled) SN25 -cys vs. 0.992 No neiEys
WT post hoc
SN25 -cys 155228 8.1546 1.7386 22 3 SN25 LV':;TG/ Svs 1 0001 Yes
SN25 LN G/S 11.63 3.6871 0.7096 27 4 SN25shiftldaa | - Yes
vs. WT
SN25 shift1daa 11.3954 22134 0.4719 22 3 SN25 k;TG/S Ve 1 No
SN25 LC G/S 16.5168 4.09 1.0225 16 3
[zl i) Label Mean (pA) SD (pA) SEM (pA) n Nt @7 Comparison P Significant ANOVA
ampl. preps
SNAP-25 WT 3.5061 1.1076 0.1113 100 | 15 (pooled) SN25 -cys vs. <0.001 Yes s
WT post hoc
SN25 -cys 1.6548 0.4128 0.088 2 3 SN25 L\;‘/TG/ Svs | <0.001 Yes
SN25 LN G/S 15054 0.6671 0.1284 27 4 SNZ‘:’I:h\;\ffT“aa <0.001 Yes
SN25 shiftldaa 1.8843 0.6709 0.143 22 3 SN25 beTG/S V1 o546 No
SN25 LCG/S 3.9169 0.7798 0.195 16 3
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Presp] B Label Mean (ms) SD (ms) SEM (ms) n e i Comparison P Significant ANOVA
duration preps
SNAP-25 WT 4.0225 1.5819 0.159 100 | 15 (pooled) SN25 -cys vs. <0.001 Yes eeys
WT post hoc
SN25 ~cys 9.048 1.9129 0.4078 22 3 SN25 L\:'ITG/ Svs 1 0,001 Yes
SN25 LN G/S 9.6719 2.5469 0.4901 27 4 SNZi:h\;\fItT”aa <0.001 Yes
SN25 shift14aa 9.6428 23325 0.4973 22 3 SN25 b\CITG/S Ve 1 No
SN25 LC G/S 4.0093 13383 0.3346 16 3
Prespike charge Label Mean (fC) SD (fC) SEM (fC) n Nu:;:s; i Comparison P Significant ANOVA
SNAP-25 WT 20207 9.473 0.9521 100 | 15 (pooled) SN25 -cys vs. <0.001 Yes s
WT post hoc
SN25 —cys 456229 16.9765 36194 22 3 SN25 L\;;TG/ Svs | <0001 Yes
SN25 LN G/S 40.3784 9.4272 1.8143 27 4 S Nzi ;h\'l\fltT”aa <0.001 Yes
SN25 shift14aa 40.8388 15.5668 33189 2 3 SN25 b\clf/s V1 0993 No
SN25 LC G/S 21.9677 7.8281 1.957 16 3
AGREE Label Mean (kHz) SD (kHz) SEM (kHz) n it & Comparison P Significant ANOVA
freq. preps
SNAP-25 WT 0.376 0.129 0.013 100 | 15(pooled) | SNZISVS | o001 Yes WLEys
WT post hoc
251 )
SN25 -cys 01711 0.0566 0.0121 2 3 SN25 V';TG/ Svs- | <0001 Yes
SN25 LN G/S 0.1381 0.0831 0.016 27 4 SNzi :h\;\f/tT”aa <0.001 Yes
SN25 shiftl4aa 0.1652 0.1177 0.0251 22 3 SN25 k/?/TG/S Yl o807 No
SN25 LC G/S 0.414 0.0914 0.0229 16 3
Mean SEM Number of
rms noise Label SD (pA/ms n Comparison P Significant ANOVA
(pA/ms) (pA/ms) (pA/ms) preps 2 g
SNAP-25 WT 43256 13794 0.1386 100 | 15 (pooled) SN25 -cys vs. <0.001 Yes wLeys
WT post hoc
SN25 -cys 2.6635 0.5391 0.1149 22 3 SN25 Lv'cTG/ SV 1 0,001 Yes
SN25 LN G/S 24399 0.6561 0.1263 27 4 SNZ?/:h\;\f/tT“aa <0.001 Yes
SN25 shift14aa 24782 0.7721 0.1646 22 3 SN25 bf/TG/S VS| 0999 No
SN25 LC G/S 44413 1.0285 0.2571 16 3
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