
VU Research Portal

The Post-Docking Role of Synaptotagmin 1 and Munc 18-1 In Mouse Chromaffin Cells

Kedar, G.H.

2017

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Kedar, G. H. (2017). The Post-Docking Role of Synaptotagmin 1 and Munc 18-1 In Mouse Chromaffin Cells.
[PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/30652b0c-5e5c-464a-98fb-c3d4abc0ba71


The Post-Docking Role of 
Synaptotagmin1 and Munc18-1 in  

Mouse Chromaffin Cells

Girish Hiraman Kedar 



Cover image: Girish H. Kedar

Cover design: Girish H. Kedar

Printed by GVO

ISBN: 978-94-6332-174-7

Copyright © by Girish Kedar, 2017

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval system, or 

transmitted in any form or by means without prior permission of the author.

Cover image: The cover image depicts vesicle docking in nature. The dew droplet resembles 

the secretory vesicle and the leaf surface as plasma membrane. This provides understanding 

of the vesicle docking concept at larger scale. 



VRIJE UNIVERSITEIT

  The Post-Docking Role of 
Synaptotagmin1 and Munc18-1 in 

Mouse Chromaffin Cell

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. V. Subramaniam,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie

van de Faculteit der Aard- en Levenswetenschappen
op woensdag 24 Mei 2017 om 15.45 uur

in de aula van de universiteit,
De Boelelaan 1105

door

Girish Hiraman Kedar

geboren te Mumbai, India



promotor:               prof. dr. M. Verhage

copromotor:           dr. J. R.T. van Weering 





       6

Contents

Chapter  I
General  Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1. Vesicle docking, priming and fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2. Neurons and chromaffin cells: Morphologically different, functionally 
similar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

3. Synaptic vesicles vs chromaffin secretory vesicles . . . . . . . . . . . . . . . . . . . .12

4. Proteins involved in neuronal and neuroendocrine cell secretion  . . . . . .13

5. Aim and outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

Chapter  II
A Post-Docking Role of Synaptotagmin1-C2B Domain Bottom Residues 
R398/399 in Mouse Chromaffin Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .22

Significance Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .22

2.1     Introduction:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .23

2.2     Results:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .24

2.3     Discussion:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31

2.4     Materials and Methods:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37

Chapter  III
Multiple domains on Synaptotagmin1 can mediate secretory vesicle 
docking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44

3.1     Introduction:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45

3.2     Results:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .48

3.3     Discussion: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .51

3.4     Materials and Methods:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

Chapter  IV
Extension of Helix 12 in Munc18-1 Induces Vesicle Priming  . . . . . . . . . 61

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

Significance statement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

4.1     Introduction:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

4.2     Results:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .64

4.3     Discussion: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73

4.4     Materials and Methods:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77



 7

Chapter  V
Structured Illumination Microscopy as screening method for secretory 
vesicle docking phenotypes in chromaffin cells  . . . . . . . . . . . . . . . . . . . . . . 83

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .84

5.1     Introduction:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

5.2     Results:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .90

5.3     Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .92

5.4     Materials and Methods:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94

Chapter  VI
General Discussion  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .97

Bibliography  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 111

Summary    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 123

Publications   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 125

Acknowledgements   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 127

About the Author  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 129



       8

CHAPTER  I
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General  Introduction 

During the evolution of the multicellular organisms, specialized cellular networks have 

been formed to govern fundamental functions of the body. Different cell types have devel-

oped diverse signaling molecules (neurotransmitters, hormones, peptides, amines or nucle-

otides) which are stored in the vesicles for intercellular communication. Synaptic vesicles 

and other secretory vesicles are an integral part of the communication system in neurons 

and neuroendocrine cells, respectively. These vesicles fuse with the plasma membrane, 

releasing content into an extracellular milieu (see review; Crivellato et al., 2008; Südhof, 

2004). The secretory vesicles are made in the Golgi apparatus and are transported to their 

secretion site where they dock before fusion, but how is this molecularly achieved is not 

fully understood. This thesis assesses the role of several key proteins [specifically Synapto-

tagmin1 (Syt1) and Munc18-1] involved in the secretory vesicle docking and fusion. 

1 . Vesicle docking, priming and fusion

Calcium-dependent release can be triggered within milliseconds upon Ca2+ influx. 

To execute such temporally precise release, vesicles undergo trafficking steps that include 

tethering, docking and priming. Docking is considered to be an intermediate trafficking step 

before the vesicle become fusion competent. When observed through the high magnifica-

tion electron micrographs, the docked vesicle is typically defined as the vesicle with no 

measurable distance between the vesicular and plama membrane. However, some studies 

have defined docking differently, for instance as vesicles within the range of 30nm (vesicle 

radius) (Richmond et al., 1999) or 40nm (<1-vesicle diameter) (Broadie et al., 1995) distance 

to the active zone. The 2D projections of electron micrographs from 3D ultrathin sections 

(thickness of 70-90nm) may influence docking measurements, as vesicle midlines are often 

not contained in the section. Hence, measurement method based on attached vesicle and 

plasma membrane may underestimate the number of docked vesicles. On the other hand, 

measuring the vesicles that fall in particular range may overestimate the number of docked 

vesicles. Nonetheless, as long as the single method is used to quantify docked vesicles in all 

the experimental groups, the interpretation remains probably unaltered. Once transported 

to the proximity of the plasma membrane, the secretory vesicles dock to achieve priming 

competence. Priming is the process where the vesicles are made release-competent for 

fusion upon Ca2+ influx. In neuroendocrine cells, the readily releasable pool (RRP) contains 

less secretory vesicles than the docked pool, indicating that not all docked vesicles are 

release competent (see review; Verhage & Sørensen, 2008). Hence, the comparison between 

docked secretory vesicles and RRP should be made with caution (see below). In synapses, 

on the other hand, docking under specific conditions is considered to be the manifestation 
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of priming (Murthy et al., 2001). Fusion is the process where the vesicle and the plasma 

membrane merge to release vesicular content into extracellular milieu. There are different 

vesicle fusion types described below. Several proteins such as SNAREs (soluble N-ethyl-

maleimide-sensitive factor attachment protein (SNAP) receptor), Syt1, and Munc18-1 have 

been identified to play a role in vesicle docking in neurons and neuroendocrine cells (de 

Wit et al., 2006, 2009; Imig et al., 2014; Toonen et al., 2006a; Voets et al., 2001b; Wu et al., 

2012). Although, the molecular details on how vesicle docking is achieved remain elusive.

2. Neurons and chromaffin cells: Morphologically different, 

functionally similar

Neurons are the polarized cells that form complex networks by connecting different 

parts of the brain and the brain to the body. A neuron consists of four principle compart-

ments: a. dendrites that receive signals from the network, b. cell body, c. the axon that trans-

mits signals to axon terminal, and d. synaptic terminal, a part of axon terminal that relays 

signal to the subsequent neuron (Fig. 1A.). The communication between neurons is carried 

out by electrical and chemical signals and the junction where an exchange of signals takes 

place is called as a synapse (Fig. 1A., lower panel). An action potential (electrical signal) 

travels along the axon and depolarizes the pre-synapse, leading to Ca2+ influx. The local 

rise in the intracellular calcium concentration triggers synaptic vesicle fusion with plasma 

membrane, following the neurotransmitter release (chemical signal). This chemical signal 

is identified on the post-synapse on dendrites of the target neuron and is converted into an 

electrical signal, successfully relaying the message. Apart from electrical signal, synapses 

also relay signals that are initiated by intracellular second messenger system. The human 

brain consist of 100 billion neurons, and each neuron makes 1000-7000 connections with 

other neurons, and it is estimated that the human cortex contains around 60 to 150 trillion 

synapses (see reviews; Budday et al., 2015; Herculano-Houzel, 2009). 

The mammalian nervous system is made up of central and peripheral nervous system. 

The autonomic nervous system, a division of the peripheral nervous system, regulates 

multiple functions like cardiac regulation, smooth muscles and glands physiology. The 

autonomic nervous system comprises of sympathetic and parasympathetic nervous system, 

known for “fight or flight” and “rest and digest” functions, respectively (see review; O’Don-

nell & Glasgow, 2011). The sympathetic neurons and the chromaffin cells develop from 

the same progenitor sympathoadrenal sub-lineage of neural crest (see review; Huber et al., 

2009) (Anderson et al., 1991; Douarin & Teillet, 1974). The adrenal glands are pyramidal 

shaped and innervated by the sympathetic nervous system. Each adrenal gland consists 

of the adrenal cortex and the adrenal medulla (Fig. 1B, upper panel). The adrenal cortex 

occupies the larger part of the gland and is divided in three zones, namely, zona glomeru-
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losa, zona fasciculate and zona reticularis. These cell layers secrete steroids like mineralo-

corticoid, glucocorticoid, and adrenal androgen (see review; Kempná & Flück, 2008). The 

adrenal medulla is a sympathetic ganglion consisting of chromaffin cells instead of neurons. 

The chromaffin cells produce biomolecules (see below) that release into the bloodstream 

whenever necessary. The term “Chromaffin” was first used by Prague histologist Alfred Kohn 

(1867-1959), due to their characteristic staining caused by chromium salts. The dissociated 

cultured mouse chromaffin cells are round with an average diameter of 10μm and an esti-

mated surface area of 314μm2 (van Weering et al., 2007). The catecholamines and neuro-

peptides are stored in the secretory vesicles containing a dense core as observed in electron 

Figure 1. Illustration of organ to subcellular level organization of (A) the brain and neurons (B) adrenal 
medulla and chromaffin cells. AZ: active zone, PSD: post-synaptic density, M: mitochondria, SV: synaptic 
vesicle, CG: chromaffin granule/secretory vesicle. (Synapse electron micrograph provided by Rien Dekker) 
Scale bar: 200nm
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micrographs, hence also called (large) dense core vesicles (Kobayashi et al., 1978) (Fig. 1B., 

middle and lower panel). The highly conserved proteins regulating neurotransmitter secre-

tion in neurons and chromaffin cells are discussed below. 

3. Synaptic vesicles vs chromaffin secretory vesicles

In neurons, the synaptic vesicle membrane proteins are produced in the trans-Gol-

gi-network located in soma and transported to nerve terminal by transport vesicles. These 

transport vesicles and the synaptic vesicle membrane proteins may undergo several rounds 

of constitutive exo- and endocytosis. Once segregated as mature vesicles from early endo-

somes, synaptic vesicles are loaded with neurotransmitter via vesicular neurotransmitter 

transporter. In the case of secretory vesicles, the immature secretory vesicles bud from 

trans-Golgi-network. These immature vesicles undergo condensation process resulting in 

the mature secretory vesicles. During this process, vesicles shed excess of the membrane by 

budding and increase the concentration of the luminal contents (see review; Bauerfeind & 

Huttner, 1993). The synaptic vesicles are three to five times smaller in diameter (30-40nm) 

compared to the secretory vesicles (100-200nm) (Fig. 1., lower panels). Secretory vesicles 

carry granins, glycoproteins, prohormone-processing enzymes, inhibitors of endogenous 

proteases of the serpin class, transmitter peptides, and monoamines (See review; Crivellato 

et al., 2008). Three different modes of release are suggested for neurons, A. “kiss and stay,” 

where the synaptic vesicle does not completely merge with plasma membrane but form a 

transient fusion pore that closes quickly and refills the content without undocking. B. “Kiss 

and run,” similar to A, however, synaptic vesicle gets endocytosed (not clathrin-mediated) 

after closing the vesicle membrane. C. “Full-fusion,” where the whole vesicle membrane 

merges with the plasma membrane, release its content and follows clathrin-mediated endo-

cytosis (see review; Südhof, 2004).  Similar to neurons, fusion mode A, B and C have been 

suggested for neuroendocrine cells (Albillos et al., 1997; Alés et al., 1999; van Kempen et 

al., 2011). The basic stage of docking and coordinated fusion in chromaffin cells are analo-

gous to neurons (see reviews; Neher, 2006; Rettig & Neher, 2002).

The chromaffin cells contain different secretory vesicle pools. Depending on their 

proximity to Ca2+ channels and response to depolarization, they are mainly classified as 

readily releasable pool (RRP), slowly releasable pool (SRP) and the reserved pool. Besides, 

the immediately releasable pool (IRP) is a sub-pool of RRP, which is in closest proximity to 

Ca2+ channels (Horrigan & Bookman, 1994; Voets et al., 1999). However, whether they are 

molecularly different from the rest of the RRP, for instance by directly binding to Ca2+ chan-

nels, is a matter of debate (See review; Alvarez & Marengo, 2011). 
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4 . Proteins involved in neuronal and neuroendocrine cell 

secretion

4.1 SNAREs

The evidence that SNARE proteins are necessary for neurotransmitter release was put 

forward after the observation in which neurotoxins affect the release of synaptic vesicle by 

cleaving particular proteins (Syntaxin1, SNAP25 and Synaptobrevin2) (Blasi et al., 1993a, 

1993b; Link et al., 1992; Schiavo et al., 1992). Soon it was revealed that these particular 

proteins form a tight complex, known as the SNARE complex (Sollner et al., 1993a, 1993b). 

The crystal structure of the SNARE complex involved in the synaptic exocytosis consists 

of 60-70 amino acids arranged in heptad repeats and form coiled-coil structure (Sutton et 

al., 1998). The Synaptobrevin2 and Syntaxin1 contribute a single helix each and SNAP25 

contributes two α–helices, making it four-helical parallel coiled-coil structure (Hanson et 

al., 1997; Sutton et al., 1998). A minimal reconstitution in vitro experiment using liposomes 

confirmed that Synaptobrevin2 and Syntaxin1-SNAP25 induce membrane fusion, albeit 

with slow kinetics (Weber et al., 1998). The t-SNARE (SNAP25 and Syntaxin1) and v-SNARE 

(Synaptobrevin2) form a stable 1:1:1 stoichiometry SNARE complex. However, the trans-

SNARE assembly in vitro is hindered by the tendency of Syntaxin1 and SNAP25 to form 2:1 

heterodimer with an additional Syntaxin1 (Fasshauer et al., 1997; Xiao et al., 2001). This 

2:1 heterodimer may hinder the secretory vesicle fusion (see review; Verhage & Sørensen, 

2008). The 1:1 heterodimer appears to be required for subsequent progression of docking 

into fusion (de Wit et al., 2009). It was found that zippering starts at the N-terminus of 

SNARE motif progressing towards the C-terminus, making the vesicle fusion competent (Lin 

& Scheller, 1997; Sørensen et al., 2006). Functional studies in the synapses and the chro-

maffin cells have suggested that as few as a single to three SNARE complexes are enough to 

induce Ca2+ triggered release (Mohrmann et al., 2010; Sinha et al., 2011; van den Bogaart 

et al., 2010), but a significant excess of these proteins is present on the vesicle and the target 

membrane (Takamori et al., 2006; Wilhelm et al., 2014).

4.2 Synaptotagmins (Syts)

Sixteen syt genes have been found in the metazoan family (see review; Craxton, 2004), 

out of which 13 were exclusively detected in the brain (see review; Südhof, 2002) (Mittel-

steadt et al., 2009) (see Box 1 for details). Syt1 is the canonical isoform in the Syt family and 

the major calcium sensor for fast exocytosis in neurons and chromaffin cells (Geppert et al., 

1994; Voets et al., 2001a). Syt1 is a vesicular protein (Matthew et al., 1981) and comprised 

of an intra-vesicular amino-terminal domain, a single transmembrane domain, a linker and 
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two highly conserved C2 domains homologous to PKC (Fernandez et al., 2001; Perin et al., 

1990; Sutton et al., 1995). Its C2A and C2B domain bind three and two Ca2+ ions, respec-

tively, by interacting with aspartate residues of each C2 domain (Fig. 2A.) (Fernandez et al., 

2001; Sutton et al., 1995). 

Syt1: function in docking and membrane fusion 

Syt1 interacts with synaptic proteins, such as Syntaxin (Bennett et al., 1992), SNAP-25 

(Schiavo et al., 1997), the assembled SNARE complex (Davis et al., 1999; Gerona et al., 

2000) and the clathrin assembly protein complex AP2 (Zhang et al., 1994). Syt1 and its 

orthologues are the most studied member of Syt family. Its absence impairs synchronous fast 

release, but fusion in general is not eliminated in neurons and neuroendocrine cells (Dian-

tonio et al., 1993; Geppert et al., 1994; Nonet et al., 1993; Voets et al., 2001a). Though 

Syt1 is considered the primary Ca2+ sensor for release, the exact mechanism of Ca2+ coupled 

release by Syt1 is unknown. Apart from Ca2+ sensor for release, Syt1 can associate with lipid 

membranes and induce local membrane remodeling (Hui et al., 2009; Lynch et al., 2008; 

Perin et al., 1990). Its C2B domain has been credited for its interaction with the plasma and 

the vesicle membrane, thereby acting as a bridge between both membranes (Araç et al., 

2006; Seven et al., 2013; Xue et al., 2008). Syt1 probably bind to the acceptor complex 

BOX 1: Syt distribution and localization

The Syts are a large family of membrane trafficking proteins. Sixteen syt genes are 

reported in the metazoan family (Craxton, 2004), the majority of which (Syt1 to Syt13, 

except Syt8) were found throughout the rodent brain (see review; Südhof, 2002) (Mittelsteadt 

et al., 2009). The expression levels and functions vary for individual Syt proteins. Based on 

their expression pattern, they are divided into two categories: present throughout the brain 

(Syt1, 3, 4, 5, 7, 11, 12 and 13) and Syts with a restricted regional distribution (Syt2, 6, 9 

and 10) (Mittelsteadt et al., 2009). Syt3 is located on the synaptic plasma membrane (Butz 

et al., 1999), whereas Syt1, 2, 9 and 12 are found on synaptic vesicle (Bacaj et al., 2013; 

Takamori et al., 2006). Apart from a synaptic localization, Syt1 is also found in chromaffin 

secretory vesicles (Matthew et al., 1981) and is responsible for Ca2+-dependent fast release 

(Voets et al., 2001a). Syt7 is found on vesicular as well as plasma membrane (Fukuda et 

al., 2004; Han et al., 2004; Sugita et al., 2001). The subcellular localization for many other 

Syts also remains debatable. So far Syt1, 2, 4, 7, 9 and 11 have been studied extensively 

for their Ca2+ sensor activity in the hippocampal neurons and the neuroendocrine cells (See 

review; Südhof, 2002, 2014). Based on Ca2+-induced kinetics of the liposome binding or 

fusion, Syt1s are categorized as the fast group consisting of Syt1, 2 and 3; medium group, 

Syt5, 6, 9 and 10 and the slow group that consists Syt7 (Hui et al., 2005). Such fast or slow 

Ca2+ dependent interaction with phospholipids probably contribute to Syt1s involvement in 

synchronous and Syt7s in asynchronous exocytosis (Bacaj et al., 2013). 
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(Syntaxin1: SNAP25) on the plasma membrane to facilitate secretory vesicle docking (de 

Wit et al., 2009) and upon Ca2+ influx promotes vesicle fusion. Although particular subdo-

mains involved in fusion have been reported (see discussion), which subdomains directly 

participate in docking is yet to be discovered. 

4.3 Sec1/Munc18 (SM proteins)

The UNC-18 (uncoordinated-18 gene) in Caenorhabditis elegans was the first SM 

protein to be discovered (Brenner, 1974) and its homolog Sec1 was later found to regu-

late the secretory pathway in yeast (Novick & Schekman, 1979). A mammalian orthologue 

of UNC18 (Munc18-1) was identified as a binding partner of Syntaxin1 in the brain (Fig. 

2B.) (Hata et al., 1993). Its necessity for synaptic functioning was revealed when neurons 

from Munc18-1 knockout embryonic mice failed to secrete neurotransmitters upon stim-

ulation (Ca2+, hypertonic sucrose or α-Latrotoxin) (Verhage et al., 2000). Munc18-1 regu-

lates membrane fusion through its interaction with Syntaxin as a chaperone and acceptor 

complex stabilizer [see review (Jahn & Südhof, 1999)](de Wit et al., 2009). Other families of 

proteins have been found to interact with synaptic Munc18-1. One family contains multi-do-

main proteins called Mints (Mint1 and Mint2). Mint proteins interact with a wide variety of 

proteins including Munc18 and Syntaxin and affect spontaneous neurotransmitter release 

(Ho et al., 2006; Okamoto & Südhof, 1997). The second family identified as Doc2 proteins 

that consist of tandem C2 domains and has two variants, Doc2A and Doc2B (Verhage et 

al., 1997). DOC2 competes with Syntaxin to interact with Munc18-1 (Verhage et al., 1997) 

and functions as a calcium sensor for the spontaneous neurotransmitter release (Groffen et 

al., 2010). 

Other known Synaptotagmins

Two protein families contain members that have a homologous C2 domain to Syt 

referred to as Synaptotagmin-like proteins (Slp) and Extended-Synaptotagmin (E-Syt). There 

are at least five isoforms of Slps known so far, Slp-1-5. The Slps contain two C2 domains 

similar to Syt but lack the transmembrane domain. Many Slps are linked to the membranes 

by different Rab proteins. Functionally, they also interact with the membranes and facili-

tate membrane fusion (Fukuda & Mikoshiba, 2001; Fukuda et al., 2002; Holt et al., 2008; 

Kuroda et al., 2002). Mammalian cells express three E-Syt homologs (E-Syt1-3) (Craxton, 

2010) that show sequence as well as domain similarity to Tricalbins that tether endoplasmic 

reticulum and plasma membrane (Lee & Hong, 2006). E-Syt proteins mainly consist of 

3-5 C2 domains. E-Syt1 was reported to localize in undetermined intracellular compart-

ments, whereas E-Syt2 and -3 were reported to localize at the plasma membrane (Min et al., 

2007). Recently, all three were found to anchor endoplasmic reticulum and contact plasma 

membrane by forming homo- or heteromeric complexes (Giordano et al., 2013). 
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Munc18-1 interaction with Syntaxin1 and contribution in fusion

Eighteen mammalian Syntaxins have been found in various cell compartments contrib-

uting to cellular dynamics (see review; Teng et al., 2001). Syntaxin1A consists of an N-ter-

minal domain termed Habc, a SNARE motif region annotated as H3 and a C-terminal trans-

membrane anchor (Fernandez et al., 1998; Misura et al., 2000). When not part of the SNARE 

complex, Syntaxin1 assumes a closed confirmation where the Habc domain folds back onto 

the C-terminal SNARE motif (Dulubova et al., 1999; Misura et al., 2000). The Munc18-1 

Figure 2. Protein structure of (A) Synaptotagmin1 (PDB ID; C2A-1BYN, C2B-1K5W) and (B) Munc18-1 
(PDB ID- 3PUJ) with subdomains.



 17

interacts with the closed Syntaxin1 to form heterodimers (Dulubova et al., 1999), N-ter-

minal of open Syntaxin1 in the SNARE complex (Fernandez et al., 1998) and assembled 

SNARE complex as well (Carr et al., 1999; Dulubova et al., 2007) (see Box2 for details). 

Munc13-1 binds to the N-terminal of Syntaxin1a (Betz et al., 1997) and may facilitate the 

open conformation of Syntaxin. The Munc18-1s interaction with the Syntaxin1 has been 

described to play an inhibitory as well as a facilitatory role in fusion. Out of three domains 

(Domain 1, 2 and 3a/3b) of Sec1/Munc18 (SM) proteins, domain 3a fulfills a central role in 

SNARE complex formation by facilitating the interaction between VAMP2 and the acceptor 

t-SNARE complex (Boyd et al., 2008; Han et al., 2014; Martin et al., 2013; Parisotto et al., 

2014). Apart from fusion, Munc18-1 plays an important role in both the synaptic vesicle and 

the secretory vesicle docking (Toonen et al., 2006a; Voets et al., 2001b). Vesicle docking can 

BOX 2: Munc18-1 structure 

The crystal structure of neuronal Munc18-1 and Syntaxin1a revealed a conserved 

heterodimer crucial for membrane fusion (Misura et al., 2000). Munc18-1 has an arch-

shaped structure with a bend in the central cavity measuring 1.5nm. The overall Munc18-1 

structure is divided into three different domains, namely, domain1, 2 and 3 (Fig. 2B.). Domain 

1 covers 4-134 residues and consists of five-stranded parallel β-sheet that is flanked by five 

α–helices. Domain 2 includes 135-245 and 480-592 residues. Similar to the first domain, 

domain 2 also consists of α– β– α folds. This domain is subdivided into domain 3a and 3b, 

respectively. The domain 3a consists of two long antiparallel helices, a long and twisted 

β–hairpin that is perched on these helices, and a shorter helix that is orientated perpendic-

ularly to the hairpin. The domain 3b carries α 13 that is a continuation of the α 12 helix. 

These both helices act as a backbone of domain 3 (Misura et al., 2000; Rizo & Südhof, 

2002). The central cavity formed by Munc18-1s domain 1 interacts with Syntaxin1-Habc, 

H3c, C-terminal extended region of H3 and domain 3a (331-338) with Syntaxin1-H3b 

helix (Misura et al., 2000). Munc18-1s electrostatic surface contains regions of positive 

and negative charges. On the other hand, Syntaxin1a carries mostly negative charges. The 

electrostatic surfaces on domain 3a support Munc18-1:Syntaxin1 heterodimer formation 

by interacting with Habc/H3 linker domain of Syntaxin1 and also contain phosphorylation 

sites (Misura et al., 2000). Protein kinase C phosphorylates these serine residues at 306 and 

313 that inhibit Munc18-1s interaction with Syntaxin1 (Fujita et al., 1996) and modulate 

the release (Barclay et al., 2003). In a bound Munc18-1:Syntaxin1 state, these serine resi-

dues are inaccessible to protein kinase C (Fujita et al., 1996; Misura et al., 2000) however, 

when in a free state, protein kinase C catalyzed phosphorylation of Munc18-1 inhibits its 

interaction with Syntaxin1 (Fujita et al., 1996). Such inhibition probably allows Syntaxin1 

to interact with cognate SNAREs. 
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be restored by overexpression of SNAP25 or the Synaptobrevin2 C-terminus in the absence 

of Munc18-1, however vesicle secretion remains impaired. It suggests that Munc18-1 regu-

lates vesicle docking indirectly through its interaction with Syntaxin-1 while it is necessary 

in a post-docking process for vesicle fusion (de Wit et al., 2009). Above findings suggest 

that Munc18-1 is as essential as SNARE proteins for fusion. However, as Munc18-1 mutant 

(impaired Syntaxin1 N-terminal binding) supports docking, priming, and fusion of synaptic 

vesicle, Munc18-1s continuous association to Syntaxin1 or the fusion machinery is a matter 

of debate (Meijer et al., 2012).

5 . Aim and outline of thesis

The overall aim of this thesis is to uncover the function of protein subdomains of Syt1 

and Munc18-1 in the secretory vesicle docking and Ca2+ regulated exocytosis. We used 

mouse chromaffin cells as a model for secretory vesicle docking and fusion, since both 

proteins are present in these cells and fulfill a similar function in regulated secretion as 

in neurons. In addition, shorter culture time and ease of docking analysis makes chroma-

ffin cells a suitable model for current study. We hypothesize that the underlying molecular 

mechanism of docking and fusion of these secretory vesicles is similar to synaptic vesicles 

in neurons. 

BOX 3: Orthologues in synaptic vesicle docking and fusion

Similar to mammals, SNAREs, Munc18, and Syt1 contribute to docking and/or fusion 

of synaptic vesicles in other species such as C. elegans and Drosophila. The synaptic 

vesicle docking was reduced in C. elegans lacking Syntaxin1 in excitatory as well as inhib-

itory neurons, and introducing open Syntaxin rescues the docking defect (Hammarlund et 

al., 2007). The Unc18 (the Munc-18-1 orthologue in mouse) is proposed neither strictly 

required for trafficking of Syntaxin nor for fusion but promote neuronal synaptic vesicle 

docking (Weimer et al., 2003). The open Syntaxin bypasses the requirement of the priming 

factor Unc-13 for fusion (Hammarlund et al., 2007; Richmond et al., 2001), but not Unc-18 

(Weimer et al., 2003), again suggesting importance of Unc-18 in (post)docking. Along with 

Syt1 (Nonet et al., 1993), Synaptobrevin2 and t-SNARE have been reported to be essential 

for fusion in C. elegans (Miller et al., 1996; Nonet et al., 1998). The Drosophila neuromus-

cular junction is widely used for neurotransmission analysis. In Drosophila, Syt1 is reported 

to modulate docking (Reist et al., 1998) and fusion (Diantonio et al., 1993). The significance 

of SNAREs for fusion have been reported (See review; Kidokoro, 2003). Neither Syntaxin 

nor Synaptobrevin2 is required for docking but for evoked release, suggesting their post-

docking role in Drosophila (Broadie et al., 1995). In both the species, the final stage of 

evoked release is regulated by Munc18-1, Syt1 and SNARE orthologues.
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In Chapter 2, we investigate the role of the Syt1-C2B bottom domain (R398,399) in 

the secretory vesicles docking and fusion. Mutations in this region were previously found 

to disrupt neurotransmitter release in syt1 null hippocampal neurons (Xue et al., 2008). We 

found that the bottom domain is dispensable for docking, but required for fast release in 

chromaffin cells. We conclude that the bottom region of the C2B domain and, by inference, 

Syt1-mediated membrane crosslinking is required for triggering fusion, but not for docking, 

suggesting post-docking role of bottom domains.

In Chapter 3, we used different mutants of the Syt1 to identify regions directly involved 

in the Syt1-dependent secretory vesicles docking: mutations in the hydrophobic side chain, 

in the Ca2+ binding loop and the polybasic region, and deletion of individual C2 domains. 

We found that the Ca2+ binding loop and polybasic region are dispensable for docking, but 

both C2 domains are needed to restore docking in syt1 null cells entirely.

In Chapter 4, we study the role of the Munc18-1 domain 3a in docking and fusion. 

We used ultrastructural and electrophysiology analysis on different Munc18-1 domain 3a 

mutants. We found that these mutants fully restore docking but vesicle secretion remains 

impaired, demonstrating a post-docking role of Munc18-1 domain 3a 12th α-helix. These 

data suggest that the conformational change in the Munc18-1 domain 3a leads to opening of 

closed Syntaxin1 allowing Synaptobrevin2 interaction, followed by productive SNARE-com-

plex assembly and vesicle priming.

In Chapter 5, we addressed the potential of the super-resolution optical microscopy 

to analyze secretory vesicle docking in the monolayer chromaffin cell culture. We utilized 

3D-SIM microscopy to generate optical images and validated docking analysis by two 

different plugins, which work on two independent platforms. We found that the difference 

in the vesicle and the plasma membrane markers matched EM docking data for wild type 

and syt1 null chromaffin cells. We conclude that 3D-SIM is a suitable method for screening 

or pilot analysis of secretory vesicles docking.

Chapter 6 discusses main experimental findings of this thesis concerning I. docking 

and fusion by particular subdomains of Syt1 and Munc18-1, II. possible Syt1 orientations in 

docking and III. a central model for secretory vesicle docking.  
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CHAPTER  II
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Abstract

Synaptotagmin-1 (Syt1) is the principal Ca2+ sensor for vesicle fusion and is also essen-

tial for vesicle docking in chromaffin cells. Docking depends on interactions of the Syt1 C2B 

domain with the t-SNARE SNAP25/syntaxin1 complex and/or plasma membrane phospho-

lipids. Here, we investigated the role of the positively charged “bottom” region of the C2B 

domain, proposed to help crosslink membranes, in vesicle docking and secretion in mouse 

chromaffin cells and in cell free assays. We expressed a double mutation previously shown 

to interfere with lipid mixing between proteoliposomes and with synaptic transmission, 

Syt1-R398/399Q (RQ), in syt1 null mutant cells. Ultra-structural morphometry revealed that 

Syt1-RQ fully restored the docking defect previously observed in syt1 null mutant cells, 

similar to wildtype Syt1 (Syt1-wt). Small unilamellar lipid vesicles (SUVs) that contained the 

v-SNARE Synaptobrevin2 and Syt1-R398/399Q (RQ) also docked to t-SNARE-containing 

giant vesicles (GUVs), similar to Syt1-wt. However, unlike Syt1-wt, Syt1-RQ-induced docking 

was strictly PI(4,5)P2-dependent. Unlike docking, neither synchronized secretion in chro-

maffin cells nor Ca2+-triggered SUV-GUV fusion was restored by the Syt1 mutants. Finally, 

overexpressing the RQ-mutant in wild type cells produced no effect on either docking or 

secretion. We conclude that the positively charged bottom region in the C2B domain –and, 

by inference, Syt1- mediated membrane crosslinking, is required for triggering fusion, but 

not for docking. Secretory vesicles dock by multiple, PI(4,5)P2-dependent and -independent 

mechanisms. The R398/399-mutations selectively disrupt the latter and help to discriminate 

protein regions involved in different aspects of Syt1 function, in docking and fusion.

Significance Statement

This study provides new insights in how the two opposite sides of the C2B domain 

of Synaptotagmin-1 participate in secretory vesicle fusion, and in more upstream steps, 

especially vesicle docking. We show that the “bottom” surface of the C2B domain is 

required for triggering fusion, but not for docking. Synaptotagmin-1 promotes docking by 

multiple, PI(4,5)P2-dependent and PI(4,5)P2-independent mechanisms. Mutations in the 

C2B bottom surface (R398/399) selectively disrupt the latter. These muta- tions help to 

discriminate protein regions involved in different aspects of Synaptotagmin-1 function in 

docking and fusion.
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2.1     Introduction: 

Fusion of secretory vesicles with the plasma membrane depends on the assembly of 

v-SNARE (VAMP2/synaptobrevin2) and t-SNAREs (SNAP25/syntaxin1) into a SNARE-com-

plex [See for reviews (Jahn & Scheller, 2006; Südhof & Rothman, 2009)]. Vesicles go through 

several upstream steps, referred to as docking and priming, to gain fusion competence [See 

also (Verhage & Sørensen, 2008)]. The vesicular protein Synaptotagmin-1 (Syt1), is the prin-

cipal Ca2+ sensor for fusion in many CNS neurons and in neuroendocrine cells (Geppert et 

al., 1994; Fernández-Chacón et al., 2001; Voets et al., 2001) and is also part of the docking 

complex for secretory granules (de Wit et al., 2009). Interactions between Syt1 and the 

t-SNAREs mediate docking in neuroendocrine cells (de Wit et al., 2009; Mohrmann et al., 

2013), consistent with previous findings in invertebrate neurons (Jorgensen et al., 1995; 

Reist et al., 1998; Loewen et al., 2006). Recently, Syt1 deficiency was shown to also impair 

synaptic vesicle accumulation near the active zone in mammalian CNS neurons (Imig et al., 

2014). Syt1 contains a trans-membrane domain and a tandem of C2 domains, which bind 

Ca2+ ions and contain many positively and negatively charged amino acids for potential 

electrostatic interactions with t-SNAREs, PI(4,5)P2 and other interactors (Fernandez et al., 

2001; Pang et al., 2006; Chapman, 2008; Pang & Südhof, 2010; Jahn & Fasshauer, 2012; 

Park et al., 2012).

The electrostatic interactions supporting the role of Syt1 in docking are probably 

located in a polybasic patch, centered around K326, K327, on the Syt1-C2B domain that 

interact with t-SNAREs (Rickman et al, 2004). The same polybasic stretch also binds PI(4,5)

P2 (Chapman, 2008; Fernandez et al., 2001; Jahn & Fasshauer, 2012; Park et al., 2012; 

Rizo, Chen, & Araç, 2006) and this interaction occurs at sites where syntaxin1 and PI(4,5)P2 

form clusters (Honigmann et al., 2013). Syt1 might also mediate docking by simultaneous 

binding of two opposing membranes. This property of Syt1 was shown in vitro and depends 

on the calcium-binding region on the "top", and on two arginines at the “bottom” of the 

C2B domain (Arac et al, 2006; Xue et al, 2008). Indeed, mutations in this bottom region 

(R398Q,R399Q, called RQ mutant) abolished neurotransmitter release in neurons (Xue et 

al, 2008) and the single mutation (R398A) impaired Ca2+-dependent Syt1 function in a lipid 

mixing assay (Gaffaney et al., 2008). However, it is unknown whether these mutations also 

affect vesicle docking and whether potential docking defects contribute to the observed 

effects on release. A homologous mutation in Syt2 (R399Q,R400Q) was proposed to affect 

positional priming  (Young & Neher, 2009). Again, it is unknown whether this overexpres-

sion of Syt2-RQ affects vesicle distribution.

In this study we aimed to resolve the role of the Syt1-C2B bottom domain in docking 

and secretion by expressing wildtype Syt1 and the RQ-mutant in syt1 null chromaffin cells 

and by comparing both Syt1 variants in an in vitro liposome docking and fusion assay 
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(Malsam et al., 2012). We found that the bottom residues are critical for fast Syt1-dependent 

fusion, but dispensable for docking. However, docking becomes critically dependent on 

PI(4,5)P2. Hence, the RQ-mutant helps to segregate different aspects of Syt1 function, in 

docking and fusion.

2.2     Results: 

syt1 null chromaffin cells (E18) show impaired docking and Ca2+ dependent fast burst 

release component (Voets et al., 2001; Nagy et al., 2006; Schonn et al., 2008; de Wit et 

al., 2009). We utilized this model to analyze the role of the Syt1-C2B bottom domain in 

docking and secretion by introducing exogenous Syt1-wt-IRES-eGFP or Syt1-RQ-IRES-eGFP. 

We assessed the level and localization of the overexpressed Syt1 by confocal microscopy. 

Endogenous Syt1 labeling shows a punctate pattern that is concentrated in the vicinity of 

the plasma membrane (Fig. 1A). This labeling is absent in syt1 null cells, indicating that this 

labeling is specific for Syt1 (Fig. 1B-C). Syt1 null cells expressing the Syt1-wt and Syt1-RQ 

constructs showed a distribution of Syt1 close to plasma membrane (Fig. 1D-E), compa-

rable to the endogenous Syt1 pattern. This indicates that the RQ mutation had no effect on 

the subcellular distribution of Syt1. Both constructs yielded a significant increase in Syt1 

levels of a factor four over wild type levels (multilevel test against wild type; syt1 null+eGFP 

p=0.389; syt1 null+Syt1-wt and syt1 null+Syt1-RQ p≤0.001, Fig. 1F).

Syt1-C2B bottom region is dispensable for secretory vesicle docking

We first assessed the secretory vesicle distribution in syt1 null cells expressing Syt1-wt 

or Syt1-RQ mutant by electron microscopy. In line with previously reported observations in 

syt1 null cells (de Wit et al., 2009), we found more than 50% reduction in docked vesicles 

in syt1 null cells as compared to wild type (p≤0.001, Fig. 2A-D). Moreover, Syt1-wt restored 

docking in syt1 null cells to wild type level, without affecting the total number of vesicles: 

wild type = 29 ± 2.5 (p≤0.001 against syt1 null+eGFP); syt1 null+Syt1-wt = 26.3 ± 2.9 

(p≤0.001 against syt1 null+eGFP); syt1 null = 12.4±1.8 (p = 0.656 against syt1 null+eGFP); 

syt1 null+eGFP = 14.8 ± 1.4 docked vesicles/section. Total number of vesicles ranging from 

104 ± 7 to 114 ± 5 vesicles/section in all conditions, mean ± SEM (all not significantly 

different; Fig. 2C-D). Syt1 null cells expressing Syt1-RQ mutant showed a similar number 

of docked vesicles as compared to wild type cells [syt1 null+Syt1-RQ= 33.9±2.9 (p=0.154) 

docked vesicles/section, mean ± SEM, multilevel analysis, Fig. 2A and C]. Importantly, 

expressing Syt1-RQ or Syt1-wt on syt1 null background does not change the total number 

of vesicles, but shifts the distribution pattern of vesicles to the wild type pattern (Fig. 2B). 
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This indicates that the positive-charged arginines of the Syt1-C2B domain are dispensable 

for Syt1 function in secretory vesicle docking.

The normal docking function of Syt1-RA critically depends on PI(4,5)P2 
in vitro

Docking in cells might be affected by multiple proteins and protein:protein as well as 

protein:lipid interactions. To investigate the role of the Syt1-C2B bottom region in a reduced 

system, we recapitulated Syt1s role in docking in vitro in a cell free assay by analyzing 

docking of small unilamellar lipid vesicles (SUVs) that contain the v-SNARE VAMP2 and 

membrane-anchored Syt1 to reconstituted giant unilamellar vesicles (GUVs) containing the 

t-SNARE syntaxin1/SNAP-25 (Fig. 3B) (Malsam et al., 2012). Syt1-R398/399A was reconsti-

tuted into SUVs with similar efficiency as Syt1-wt (Fig. 3A) and SUVs containing Syt1-RA 

docked equally well to GUVs as wild type Syt1 (Fig. 3C) in the presence of 2% PI(4,5)P2. For 

docking efficiency, the presence or absence of Complexin II was irrelevant. In the absence 

of PI(4,5)P2, a large functional difference between Syt1-wt and Syt1-RA was observed. 
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Figure 1 

Kedar et al. 
Figure 1. SFV transfection leads to overexpression of Syt1-wt and the Syt1-RQ mutant. A,B, Syt1 
is located near the plasma membrane in wild type chromaffin cells (A) and is absent in syt1 null cells 
(B). C–E, eGFP overexpressiondoes not change Syt1 expression in the syt1 null cell (C),whereas 
Syt1-wt (D) and Syt1-RQ mutant (E) transfection result in 4–5X overexpression (OE). Scale bars: 2 
µm. F, Quantification of Syt1 levels by multilevel analysis. Between 3 and 14 cells were collected from two 
to four embryos per condition, and overall cell numbers and embryo numbers are annotated. ***p<0.001. 
Error bars indicate SEM. Flu. Int., Fluorescence intensity.
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While Syt1-wt showed a minor impairment in docking efficiency as observed before for 

synthetic vesicle-vesicle tethering (Vennekate et al., 2012, Parisotto et al., 2012), Syt1-RA 

was completely defective in docking of SUVs to GUVs lacking PI(4,5)P2 (Fig. 3C). Hence, in 

this reduced system an intact Syt1-C2B bottom region is critical to mediate Syt1-dependent 

liposome docking in the absence of PI(4,5)P2.

Syt1-C2B bottom region is crucial for secretion 

Syt1 null cells lack the Ca2+ dependent fast burst phase of release in chromaffin cells 

(Voets et al, 2001), which can be reestablished by overexpression of Syt1-wt (Nagy et al, 

2006). We tested if the Syt1-RQ mutant has the same capacity. We analyzed vesicle release 

using membrane capacitance measurements upon flash photolysis of caged-calcium. As 

anticipated, in Syt1 overexpressing (i.e. rescued) syt1 null cells, the burst phase (i.e. release 

within the first second) was reestablished compared to syt1 null cells (Figure 4A-J). In contrast, 

the Syt1-RQ mutant showed a strong reduction of burst release as compared to Syt1-wt 

(syt1 null mean ∆Cm of 87 ± 17fF, n=28; syt1 null+Syt1-wt mean ∆Cm 147 ± 19fF, n=23; 

syt1 null+Syt1-RQ mean ∆Cm 58 ± 10fF, n=23; mean ± SEM; Kruskal-Wallis test p<0.001, 

Figure 4A, C). We observed a similar pattern for the total release (syt1 null mean ∆Cm of 

165 ± 28fF; syt1 null+Syt1-wt mean ∆Cm 249 ± 26fF; syt1 null+Syt1-RQ mean ∆Cm 119 ± 

13fF; mean ± SEM, Kruskal-Wallis test p<0.01, Figure 4A, D). For the sustained release, a 

strong tendency to a difference between groups was noted (not significantly different; syt1 

null mean ∆Cm of 78 ± 12fF; syt1 null+Syt1-wt mean ∆Cm 99 ± 13fF; syt1 null+Syt1-RQ 

mean ∆Cm 58 ± 7fF; mean ± SEM, Kruskal-Wallis test p=0.051; Figure 4A, E). Indeed, in 

a pairwise test, the sustained release in Syt1-RQ expressing cells was significantly smaller 

than WT-rescued cells (Mann-Whitney U-test, P=0.007), confirming lack of rescue also for 

this parameter.

The kinetic properties of release were analyzed by fitting capacitance changes with a 

sum of exponentials. We found that fast burst phase secretion was significantly increased 

in Syt1-wt overexpressing syt1 null cells compared to control syt1 null or Syt1-RQ overex-

pressing syt1 null cells (syt1 null mean Afast =16 ± 4 fF; syt1 null+Syt1-wt mean Afast =67 ± 

12 fF; syt1 null+Syt1-RQ Afast =14 ± 4 fF; mean ± SEM, Kruskal-Wallis test p<0.001, Figure 

4I). Furthermore, the Syt1-RQ mutant showed a reduced slow burst phase compared to the 

other groups, but this was not significant (syt1 null mean Aslow = 85 ± 21fF; syt1 null+Syt1-wt 

mean Aslow=48 ± 11fF; and syt1 null+Syt1-RQ mean Aslow = 34 ± 7fF, mean ± SEM, Kruskal-

Wallis test p=0.116; Figure 4J). The time constants of the fast and slow release component 

were unaffected in all the tested conditions (syt1 null  τfast=22.3 ± 3.7ms,  τslow=0.375 ± 

0.080s; syt1 null+Syt1-wt  τfast=18.8 ± 2.7ms,  τslow=0.203 ± 0.048s and syt1 null+Syt1-RQ  

τfast=24.3 ± 4.8ms,  τslow=0.282 ± 0.056s, mean ± SEM; Fig. 4F and 4G). The fast burst of 
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Figure 2. Syt1-RQ mutant rescues docking in syt1 null cells. (A) Ultra-structural images of different 
non-infected and infected conditions on syt1 null cell background (Scale bar 200nm). (B) Normalized 
cumulative distribution of vesicles as a function of the distance from the plasma membrane, inset 
shows distance in range of 0-100nm from membrane.  Number of total (C) and docked (D) vesicles 
per section showing no difference in docking for Syt1-RQ mutant, ***p≤0.001 by multilevel analysis 
(between 1-8 cells were collected from 5-8 embryos per condition, overall cell numbers and embryo 
numbers are annotated in 2C). Arrows mark docked vesicles.
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release is assumed to originate from the Readily Releasable Pool (RRP) of vesicles (Voets, 

2000), whereas the slow burst is due to an upstream pool, which is probably not available 

for immediate release (Walter et al, 2013). Our data indicate that the Syt1-C2B bottom 

arginines, although being dispensable for docking, are crucial for the role of Syt1 in enabling 

fast burst secretion. These data suggest that the generation or release of the RRP is impaired 

by the Syt1-RQ mutation in a post-docking step.

Syt1-RA supports Ca2+-independent but abolishes Ca2+-dependent fusion 
in a cell free assay

To analyze whether the essential role of the Syt1 bottom arginine residues in synchro-

nous release can be reproduced in the cell-free system, we tested the Syt1-RA mutant 

in Ca2+-synchronized lipid mixing in a vitro liposome fusion assay. We found that SUVs 

containing VAMP2 and Syt1-RA fused readily with GUVs in a Ca2+-independent manner, 

albeit with approximately 30% lower efficiency (Fig. 5), in line with previous observations 

for the single mutations [R398A or R399A, (Gaffaney et al., 2008)]. Since it was previously 

shown that fusion in this v/t-SNARE SUV/GUV assay depends on the presence of Syt1, a 

minus Syt1 control was omitted. (Malsam et al., 2012; Parisotto et al., 2012). Addition of 

6 μM Complexin II effectively suppressed (clamped) fusion for SUVs containing wild type 

Syt1, but less so in SUVs containing Syt1-RA. Moreover, consistent with our observations 

in intact cells (Fig. 4) and again in line with previous observations for the single mutations 

[R398A or R399A, (Gaffaney et al., 2008)], SUVs containing Syt1-RA, in contrast to SUVs 

containing Syt1-wt, showed little increase in lipid mixing upon addition of 100 μM Ca2+ (Fig. 

5). Hence, albeit the Syt1-RA mutation supports to a significant degree Ca2+-independent 

fusion, the Syt1 bottom arginine residues are critical for the Ca2+-dependent reaction. 

No dominant effects of Syt1-RQ when overexpressed in wild type chro-
maffin cells 

It was previously reported that the overexpression of Syt2-RQ (R399,400Q) mutant 

in Calyx of Held produces dominant negative effects on secretion when expressed on wild 

type background (Young & Neher, 2009). We tested whether this was also the case in our 

system by overexpressing the Syt1-RQ mutant or Syt1-wt on wild type chromaffin cells. 

Prior to analyzing its effect on secretion, we investigated the potential effects on the docked 

pool of vesicles under these conditions. The morphology of chromaffin cells was similar in 

all conditions and the distribution of secretory vesicles was also similar in all conditions 

except wild type+Syt1-wt (Fig. 6A-B). Surprisingly, wild type cells overexpressing wild type 

Syt1, but not cells overexpressing Syt1-RQ, showed a significant decrease in docked vesi-
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cles [wild type=26 ± 2.0; wild type+eGFP=31 ± 3.5; wild type+Syt1-wt=16 ± 2.7 (multi-

level analysis against wild type+eGFP p≤0.001, against wild type and wild type+Syt1-RQ 

p≤0.01); wild type+Syt1-RQ=26 ± 2.6 docked vesicles/section, mean ± SEM; Fig. 6A-D]. 

This unexpected reduction of docking in cells overexpressing wild type Syt1, but not Syt1-RQ 

may relate to the observation in our cell free system (Fig. 3) that the docking mechanisms 

differ between wild type Syt1 and Syt1-RA: Whereas Syt1-RA critically depends on PI(4,5)

P2, Syt1 wild type can also dock vesicles in the absence of PI(4,5)P2, probably via inter-

Figure 3. Syt1-RA dependent vesicle docking requires the presence of PI(4,5)P2 in a reconstituted SUV-GUV 
docking assay. (A) Scheme of vesicle docking assay. t-SNARE-GUVs (28 nmol lipid, 28 pmol syntaxin1 /
SNAP-25) lacking or containing 2 % PI(4,5)P2 were mixed with 3H-labelled v-SNARE/Syt1-SUVs (5 nmol 
lipid, 16.6 pmol VAMP2, 6.2 pmol Syt1), containing either Syt1 wt or Syt1 R398/399A in the presence and 
absence of 6 µM CpxII. Samples were incubated in a final volume of 100 µl for 5 min on ice to allow docking, 
followed by centrifugation at 5000g for 5 min to re-isolate GUVs. (B) Reconstituted SUVs, containing 
VAMP2 and either Syt1-wt or Syt1 R398/399A were analyzed by SDS-PAGE and Coomassie blue staining. 
(C) 3H-labelled SUVs bound to GUVs in the pellet were quantified and normalized to maximum binding. 
Error bars indicate s.e.m. (n=3).
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action with t-SNAREs. Hence, overexpression of Syt1-wt may compete with these PI(4,5)

P2-independent interactions in wild type cells, whereas overexpression of Syt1-RQ cannot. 

In any case, no evidence was observed for a dominant negative effect of the Syt1-RQ mutant 

on the total vesicle pool or vesicle docking. 

Vesicle secretion evoked by calcium-uncaging was unaffected by overexpression of 

Syt1-wt or Syt1-RQ in wild type chromaffin cells (total release: wild type mean ∆Cm 319 

± 31fF, n=20; wild type+Syt1-wt mean ∆Cm 447 ± 43fF, n=17; wild type+Syt1-RQ mean 

∆Cm 374 ± 68fF, n=20; mean ± SEM; Kruskal-Wallis, n.s.; Fig. 7A-J), although a non-signif-

icant increase in burst secretion upon Syt1-wt overexpression (within 1 s of the flash) was 

Figure 4. Syt1-RQ mutant impaired secretion in syt1 null cells.  (A) Mean membrane capacitance and Ca2+ 
measurements of syt1 null (gray), with Syt1-wt OE (black) and Syt1-RQ mutant (red). (B) Quantification 
of Pre-flash [Ca2+]. (C) burst size was higher in Syt1-wt OE than Syt1-RQ OE and syt1 null (∆Cm at 1 s, 
p<0.001, Kruskal-Wallis test p<0.001; result of pairwise post-tests: syt1 null versus Syt1-wt OE, p=0.016; 
Syt1-wt OE versus Syt1-RQ, p<0.001). (D) the same was true of total release size (∆Cm at 5.5 s, Kruskal-
Wallis test p=0.004; result of pairwise post-tests: syt1 null versus Syt1-wt OE, p=0.035; Syt1-wt OE versus 
Syt1-RQ, p=0.005). (E) For sustained release the difference was almost, but not quite, significant (∆Cm 
5.5-1 s; Kruskal-Wallis test p=0.051). (F-G; I-J) Fitting individual capacitance traces with a sum of expo-
nentials allowed separating the amplitude and time constant of fast burst secretion from the amplitude and 
time constant of slow burst secretion. Only the amplitude of the fast burst Afast, was significantly different 
between groups (Kruskal-Wallis test p<0.001; result of pairwise post-tests: syt1 null versus Syt1-wt OE, 
p<0.001; Syt1-wt OE versus Syt1-RQ, p<0.001). (H) Scaled version of the mean capacitance traces in 
panel A clear show the fast component in the Syt1-wt OE, which is missing from syt1 null and Syt1-RQ OE.
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observed (burst release: wild type mean ∆Cm 125 ± 17fF, n=20; wild type+Syt1-wt mean 

∆Cm 176 ± 20fF, n=17; wild type+Syt1-RQ mean ∆Cm 144 ± 29fF, n=20; mean ± SEM; 

Kruskal-Wallis, p=0.149.; Fig. 7C). Consistently, both fast and slow bursts were unchanged 

between the three groups (fast burst: wild type Afast =62 ± 10fF; wild type+Syt1-wt Afast 

=85 ± 16fF; wild type+Syt1-RQ Afast =53 ± 9fF; mean ± SEM, Kruskal-Wallis, n.s., Fig. 7I; 

slow burst: wild type Aslow mean=55 ± 11 fF; wild type+Syt1-wt Aslow mean=81 ± 12fF; 

wild type+Syt1-RQ Aslow mean=56 ± 9fF; Kruskal-Wallis, Kruskal-Wallis, n.s., Fig. 7J). No 

differences in time constants for any conditions were observed (wild type  τfast mean=18 ± 

3ms, τslow=0.46 ± 0.20s; wild type+Syt1-wt  τfast=15 ± 4ms,  τslow mean=0.23 ± 0.06s and 

wild type+Syt1-RQ  τfast mean=18 ± 4ms,  τslow mean=0.24 ± 0.04ms; Kruskal-Wallis, n.s. 

for both parameters, Fig. 7F and 7G).  A subpopulation of the RRP, called the immediately 

releasable pool (IRP), comprise vesicles in close vicinity of voltage sensitive calcium chan-

nels (Alvarez & Marengo, 2011) that fuse first upon depolarization-induced Ca2+ influx. A 

similar pool was shown to be affected by overexpression of Syt2-RQ in the Calyx of Held 

synapse (Young and Neher, 2009), hence we investigated the effects of Syt1-RQ overexpres-

sion on the IRP in chromaffin cells. The IRP can be distinguished from the RRP by trains of 

depolarizations of different duration, either 10 ms (for the IRP), or 100 ms (RRP) (Voets et 

al., 1999). We found no significant differences in vesicle secretion upon depolarization in 

wild type cells expressing Syt1-WT or Syt1-RQ (IRP, i.e. capacitance change elicited by five 

consecutive 10-ms depolarizations: wild type of 29 ± 5fF, n=14; wild type+Syt1-wt ∆Cm of 

31 ± 4fF, n=28 and wild type+Syt1-RQ ∆Cm 25 ± 4fF, n=26, Kruskal-Wallis n.s.; Fig. 8A-B). 

Moreover, the RRP (detected as the capacitance increase until the end of the fourth 100-ms 

depolarisation) and total membrane capacitance after a UV flash had photo-released Ca2+ 

to release any remaining vesicles (end of trace) was not significantly different in any condi-

tion (Fig. 8C and 8D). These data indicate that Syt1-RQ overexpression does not result in a 

dominant negative phenotype on vesicle fusion, and that the IRP remains unaffected under 

these conditions. Thus, overall, the Syt1-RQ mutant does not participate in Ca2+-triggered 

secretion in chromaffin cells and also does not interfere with it.

2.3     Discussion: 

In the current study, we investigated the role of the Syt1 C2B domain bottom resi-

dues in secretory granule docking and secretion, using the Syt1 R398Q/399Q mutant. This 

mutant severely disrupted synaptic transmission in hippocampal neurons (Xue et al., 2008) 

and, using a similar mutation in Syt2 (R399Q/400Q, homologous positions to R398,R399 

in Syt1), it was concluded that C2B domain bottom residues affect positional priming in the 

Calyx of Held (Young & Neher, 2009). Applying ultra-structural analysis, patch clamp and 
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cell free assays, we find that this mutation fully restored docking, but makes docking in vitro 

strictly PI(4,5)P2-dependent, and failed to restore secretion of fast burst release in syt1 null 

chromaffin cells and in a cell free fusion assay. These impairments of secretion were not the 

result of a dominant-negative effect of the Syt1-RQ mutant, as docking and secretion in wild 

type cells overexpressing this mutant remained unaffected.

The role of Syt1 in vesicle docking 

The Syt1-RQ mutant restored docking in syt1 null cells (Figure 2) and supported docking 

in a cell free assay (Figure 3), but did not restore secretion in syt1 null cells (Figure 4) and did 

not support Ca2+-dependent lipid mixing in a cell free assay. This indicates that the molec-

ular properties of Syt1 relevant for vesicle docking and for fusion are different. Mutation of 

the C2B bottom surface of Syt1 does not affect the extent of docking, but does eliminate 

Ca2+-dependent membrane fusion. An important indication for the underlying differences 

between docking and fusion came from the cell free docking assay. This assay revealed that 

mutations in the C2B bottom surface make docking critically dependent on PI(4,5)P2. This 

observation suggests that wild type Syt1 can use PI(4,5)P2-dependent and -independent 

principles to dock vesicles, and the mutations disrupt the PI(4,5)P2-independent principle. 

Figure 5. Syt1-RA mutant fails to promote Ca2+-triggered lipid mixing in a reconstituted SUV-GUV fusion 
assay. t-SNARE-GUVs (14 nmol lipid, 14 pmol syntaxin 1 /SNAP25) were mixed with 3H-labelled v-SNARE-
SUVs (2.5 nmol lipid, 8.3 pmol VAMP2, 3.1 pmol Syt1), containing either Syt1 wt or Syt1 R398/399A in the 
presence and absence of 6 µM CpxII in a final volume of 100 µl. The increase of Atto488 fluorescence was 
monitored. After 2 min at 37°C, Ca2+ was added to a final concentration of 100 µM and the measurement 
continued for another 2 min. Values were normalized to the maximum fluorescent signal after detergent 
lysis. Error bars indicate s.e.m. (n=3).

Syt1 R398,399Q            Syt1 R398,399A
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Figure 6. Syt1-wt OE in wild type chromaffin cells reduces docking. (A) Ultra-structural images of different 
non-infected and infected conditions on wild type cell background (Scale bar 200nm). (B) Normalized 
cumulative distribution of vesicles as a function of the distance from plasma membrane, inset shows the 
distance range of 0-100nm from membrane). Number of total (C) and docked (D) vesicles per section 
showing significant reduction in docking in Syt1-WT overexpressing wild type cells. Arrows mark docked 
vesicles. ** p≤0.01  ***p≤0.001 by multilevel analysis (between 3-14 cells were collected from 3-4 embryos 
per condition, overall cell numbers and embryo numbers are annotated in 6C).
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Hence, the C2B bottom surface appears to be involved in a PI(4,5)P2-independent docking 

principle. Furthermore, since Syt1-RQ rescues docking in syt1 null cells, docking in living 

chromaffin  cells is probably PI(4,5)P2-dependent.

Given the fact that this PI(4,5)P2-independent docking principle was observed in a 

highly reduced cell free system, the number of possible mechanisms is limited: interactions 

with the t-SNAREs and/or with other phospholipids. Under resting conditions (low Ca2+), 

Syt1 is reported to bind to (monomeric) SNAP-25 and syntaxin1A and to the binary and the 

ternary SNARE complex (Rizo et al., 2006; Chapman, 2008; Jahn & Fasshauer, 2012; Kim et 

al., 2012; Südhof, 2012). The polybasic region on the side of Syt1 C2B domain, around K325, 

K326, K327 and K331, is a prominent interaction surface (Rickman et al., 2004; Martens 

et al., 2007; Lai et al., 2011; Wang et al., 2011; Zhou et al., 2013). Additional contact sites 

Figure 7. Overexpression of Syt1-RQ mutant does not alter secretion in wild type chromaffin cells. (A) Mean 
membrane capacitance, Ca2+, and amperometry measurements of wild type (blue), with Syt1-wt OE (black) 
and Syt1-RQ mutant (red). (B) Quantification of Pre-flash [Ca2+]. (C) The burst size was slightly higher in 
Syt1-wt OE than in Syt1-RQ OE and syt1 null, but this was not significant Kruskal-Wallis, p=0.149). (D) 
The total release (∆Cm at 5.5 s) was unchanged between conditions. (E) no difference was detected for 
sustained release (∆Cm 5.5-1 sec). (F-G; I-J) Fitting individual capacitance traces with a sum of exponen-
tials allowed separating the amplitude and time constant of fast burst secretion from the amplitude and time 
constant of slow burst secretion. None of the parameters were significantly different between groups. (H) 
Scaled version of the mean capacitance traces in panel A clear show similar kinetics in the three groups. 
Over-expression levels of Syt1 constructs were similar, see Figure 1.
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have been proposed, including the C2A-domain and the bottom surface of the C2B-domain, 

where R398-399 are located (Lai et al., 2011; Zhou et al., 2013). A a recent study concludes 

that this bottom surface is close to the SNARE interface but still sufficiently exposed to allow 

other interactions (Choi et al, 2010). Mutations of negative charges in the middle region of 

SNAP-25, which interact with Syt1 polybasic region, are sufficient to produce a docking 

defect in chromaffin cells (Mohrmann et al, 2013), while Syt1-RQ expressing cells show no 

docking defect (Figure 2). Hence, docking tolerates mutations in the C2B domain bottom 

region, but not the disruption of Syt1:tSNARE interaction. This suggests that the Syt1:tSNARE 

interaction is probably preserved in Syt1-RQ and the interaction with other phospholipids 

(Martens et al., 2007; Gaffaney et al., 2008; Kuo et al., 2009; Wang et al., 2011; Park et 

al., 2012; Vennekate et al., 2012) might be disrupted and exposed upon removal of PI(4,5)

P2 in the SUV/GUV docking assay. Indeed, R398A impaired Syt1 binding to SNARE lipos-

omes without PI(4,5)P2 (Gaffaney et al., 2008) and two studies that measured Ca2+-de-

pendent liposome aggregation observed that R398/399Q abolished liposome aggregation 

Figure 8. Syt1-RQ mutant OE in wild type chromaffin cells does not affect the IRP size. (A) Mean 
membrane capacitance, Ca2+, and amperometry measurements of wild type cells (blue), Syt1-wt OE (black) 
and Syt1-RQ mutant (red) OE in wild type cells.  (B) There was no difference in IRP size (capacitance 
increase elicited by the first six brief 10-ms depolarizations) between conditions. (C and D) RRP (capac-
itance increase elicited by the six 10-ms depolarizations, and the four 100-ms depolarizations) and total 
membrane capacitance after a Ca2+ uncaging flash were not significantly different in any condition.
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(Araç et al., 2006; Xue et al., 2008). In our GUV/SUV assay, docking was preserved with the 

R398/399Q mutation as long as PI(4,5)P2 was present (Figure 3). Finally, separate interac-

tions with the tSNAREs might also account for the role of the C2B bottom surface in PI(4,5)

P2-dependent docking. Probably the most likely scenario is that docking is effectuated via 

multiple interactions, which are not necessarily of high affinity, but due to their avidity 

and a potential involvement of multiple Syt1 molecules on the vesicle (cooperativity), can 

effectively dock vesicles to the target membrane. It remains to be determined to what extent 

the strict PI(4,5)P2-dependence of docking by Syt1-RA containing vesicles recapitulates the 

situation in living cells (something that cannot be easily tested), but in any case, our data 

show that in intact chromaffin cells, docking is probably driven by redundant electrostatic 

interactions in any of a number of different alternative configurations.

The role of Syt1 in vesicle priming and fusion  

In line with previous results, wild type cells and syt1 null cells expressing Syt1 showed 

similar secretion levels (Nagy et al, 2006). Syt1-RQ failed to restore the RRP, even tended 

to reduce remaining release further (although not significantly, Figure 4) and did not show 

Ca2+-induced SUV-GUV lipid mixing (Figure 5). Hence, our data confirm the importance 

of the C2B domain bottom residues of Syt1 for calcium-triggered synchronous release, as 

observed before in neurons (Xue et al, 2008). Similar to this study, none of our experiments in 

chromaffin cells expressing the Syt1-RQ mutant produced evidence that this mutant retains 

any fusion activity. However, the SUV-GUV lipid mixing assay revealed that Syt1-RA shows 

substantial Ca2+-independent lipid mixing (but not Ca2+-dependent), consistent with its unal-

tered vesicle docking properties in the presence of PI(4,5)P2. Although Ca2+-independent 

lipid mixing is a well known property of Syt1 in cell free systems (Gaffaney et al., 2008; 

Malsam et al., 2012), is not known to what extent this activity relates to aspects of Syt1 

function in living cells, for instance to spontaneous synaptic vesicle fusion in synapses (not 

reported in (Xue et al, 2008). Chromaffin cells hardly show spontaneous events. Together 

with the overwhelming evidence for the involvement of the Ca2+-binding loops at the ‘top’ of 

the C2B domain in fusion (Rizo et al., 2006; Chapman, 2008; Jahn & Fasshauer, 2012; Kim 

et al., 2012; Südhof, 2012), the clear role for the arginines in the bottom domain suggests 

that these two opposite sides of the C2B domain participate in the final Ca2+-dependent trig-

gering of fusion as proposed before (Arac et al, 2006; Xue et al, 2008). 

Expression of Syt2 R399Q/400Q in wild type Calyx of Held resulted in dominant-neg-

ative effects on neurotransmitter release when stimulated by depolarization, but not upon 

Ca2+ uncaging (Young & Neher, 2009).  It was concluded that Syt2 RQ is defective in posi-

tional priming, such that vesicles are mislocalized with respect to Ca2+-channels. Isolated 
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chromaffin cells have no active zones as neuronal synapses do and positional priming is not 

a major phenomenon. However, a small vesicle pool (IRP) has been identified which can 

be triggered to fuse with short (10 ms) depolarizations, expected to produce discrete, local 

increases in intracellular Ca2+ (Voets et al, 1999). These vesicles are co-localized with Ca2+- 

channels, but it is not clear whether they are molecularly different from other RRP vesicles. 

IRP vesicles might be drawn from a homogeneous RRP during short depolarizations by 

chance. In any case, the IRP is not reduced upon expression of the Syt1-RQ mutant in wild 

type cells and Ca2+-uncaging did not result in enhanced secretion of potentially mislocal-

ized vesicles when expressing the Syt1-RQ mutation in syt1 null or wild type cells. Hence, 

we conclude that the Syt1-RQ mutation does not affect positional priming in chromaffin 

cells. Instead, our data support the idea that the Syt1 bottom domain physically and locally 

couples SNARE or lipid interactions to the Ca2+-dependent reactions mediated by the top 

domain (Arac et al, 2006; Xue et al, 2008). We conclude that Syt1-C2B bottom domain is 

dispensable for docking due to the existence of multiple alternative docking mechanisms, 

but plays a crucial role in vesicle secretion, indicating that the C2B domain bottom resi-

dues are required specifically for a post-docking step to achieve calcium-dependent vesicle 

secretion. 

2.4     Materials and Methods: 

Cell culture and transfection of chromaffin cells

Mouse chromaffin cells were obtain by isolating adrenal glands of wild type or synaptotagmin-1 
null littermates of either sex (E18) and cultured as described (Sørensen et al., 2003; de Wit et al., 
2009). Cells were infected on day in vitro (DIV) 3 for 8-12 hrs with Semliki Forest Virus (Ehrengruber 
& Lundstrom, 2007) containing full length synaptotagmin-1-IRES-eGFP or syt1 (R398,399Q)-IRES-
eGFP [a gift from Prof. Dr. Christian Rosenmund (Xue et al, 2008)]. In ultra-morphology analysis 
experiments, SFV expressing IRES-eGFP was used as a control. 

Confocal microscopy 

Cells were fixed using 4% paraformaldehyde (Merck, Germany) in PBS (pH 7.4) for 1hr, perme-
abilized with 1% Triton X-100 in PBS for 5 min and blocked for 30 min with solution containing PBS, 
2%NGS and 1% Triton X-100. Cells were then incubated with primary antibody (rabbit anti-synap-
totagmin 1, 1:1000 or rabbit anti-ChromoganinB, 1:500) for 1hr, washed and then incubated with 
secondary antibody (goat-anti-rabbit Alexa Fluor-546, 1:1000, Sigma) for 1 hr. Cell fixation and 
staining procedure was carried out at room temperature. Coverslips were mounted on glass slides 
using Mowiol 4-88 (Aldrich). Confocal laser scanning microscope (LSM 500 meta, Carl Zeiss Micro-
imaging) was used to image stained cells. Infected cells were identified based on eGFP fluorescence. 
Images were taken using 63 X/1.4 N.A. oil immersion objective lens. Fluorescence intensity was 
calculated using Fiji (Schindelin et al., 2012).
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Electrophysiological recordings

Transfected cells were identified by green fluorescent response to 475nm illumination 

by a monochromator (Polychrome IV, TILL Photonics). Amperometry measurements were 

performed with 5-μm-diameter polyethylene insulated carbon fibers (Thornel P650/42; 

Cytec) (Bruns, 2004).The tip of the fiber was gently pressed against the cell while a constant 

voltage of 700 mV was applied. Currents were amplified by an EPC-7 amplifier (HEKA 

Elektronik, Lamprecht/Pfalz, Germany), filtered at 2.9 kHz, and sampled at 11.5 kHz. Cell 

membrane capacitance was measured via wholecell patch clamp technique as described by 

Lindau and Neher (1988). Pulse Software (v 8.53) and a EPC9 amplifier (HEKA Elektronik, 

Lamprecht/Pfalz, Germany) were used in “sine+dc” mode to record and inject currents. 

Currents were filtered at 3 kHz and sampled at 11.5 kHz. Secretion was stimulated by UV 

photolysis of the Ca2+ cage nitrophenyl-EGTA by using UV light from a UV flash lamp (JML-

C2; Rapp Optoelectronics) or by applying depolarizing pulses both controlled by the Pulse 

Software and triggered by the EPC-9 amplifier.

Chromaffin cells were visualized using a Zeiss Axiovert 10 (Carl Zeiss, Inc.) with a 40× 

Fluar objective (Carl Zeiss, Inc.). Ca2+-measurements were conducted by exciting Fura dyes 

at 350 and 380 nm. Emitted light was detected by a photo diode (Till Photonics) in an area 

around the cell defined by a View Finder (Till Photonics). The output of the photo diode was 

connected to an auxilliary input channel on the EPC-9 amplifier. The signal was filtered at 

3 kHz and sampled at 11.5 kHz. The Ca2+-concentration was measured with a mixture of 

a high and a low affinity Fura dyes as described by (T Voets, 2000). The free Ca2+-concen-

trations were calculated using a custom-written macro for IGOR Pro macro for IGOR Pro 

(Wavemetrics), assuming a KD of 0.222 μM for BAPTA and of 80 μM for DPTA while taking 

into account the additional buffering of Ca2+ by the dyes, nitrophenyl-EGTA, and ATP. The 

patch pipette solution contained (in mM) 100 Cs-glutamate, 8 NaCl, 4 CaCl2, 32 HEPES, 

2 Mg-ATP, 0.3 NaGTP, 5 nitrophenyl-EGTA, 1 ascorbic acid, 0.4 fura-4f (Invitrogen), 0.4 

furaptra (Invitrogen), adjusted to pH 7.2 with CsOH. 

Electron microscopy of cultured chromaffin cells

Cells were fixed with 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.4) for 1hr and 
subsequently washed with 0.1M cacodylate buffer (pH 7.4). Post-fixation was done for 1.5 hr using 
1% Osmium tetroxide and 1% Ruthenium tetroxide mixture in 0.1M cacodylate buffer. Dehydra-
tion using series of ethanol concentration (30% to 100%) was carried out before embedding in 
EPON and polymerized at least for 15hr at 650C. The cover slip was removed from EPON resin 
by alternatively dipping into liquid nitrogen and hot water. On flat EPON surface region with high 
cell density monolayer was selected, cut and mounted on pre-polymerized EPON blocks for thin 
sectioning. Ultra thin sections (~ 90 nm) were collected on single-slot, formvar-coated copper grids, 
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and stained with uranyl acetate and lead citrate. Jeol 1010 transmission electron microscope was 
used for high-resolution imaging. Vesicle membrane attached to the plasma membrane was consid-
ered as docked vesicles. Infected cell was identified based on presence of SFV (droplet shape with 
dense core) on the plasma membrane. Distance measurements were carried out using 10000X or 
30000X magnification images on iTEM software (Olympus).

Reconstituted SUV - GUV docking and fusion assays 

Proteins were expressed, purified and reconstituted into liposomes as previously described 
(Malsam et al., 2012; Weber et al., 1998). The following modifications were made: The C-terminal 
His6-tag of full length mouse VAMP2 was replaced by an N-terminal GST-tag, which was removed 
by thrombin cleavage prior to reconstitution of VAMP2 into v-SNARE/Syt1 liposomes. Therefore, a 
cDNA encoding mouse VAMP2 (pTW2) was amplified by PCR and subcloned into pGEX4T3 using 
BamHI and XhoI sites resulting in pSK28. To introduce the R398/399A double mutation into Syt1, 
the template plasmid pLM6, encoding Syt1 (Mahal et al., 2002), was modified using the Quick-
change DNA mutagenesis method (Qiagen). The resulting construct (pJM45) encodes His6-rat Syt1 
R398/399A.

For the preparation of giant unilamellar t-SNARE vesicles (GUVs), ITO-coated glass slides 
were replaced by Pt-coated glass slides (GeSIM mbH). In addition, in the GUV preparation buffer 
1 mM HEPES-KOH, pH 7.4 was replaced by 0.5 mM EPPS-KOH, pH 8.0. In the lipid mix used 
for the reconstitution of the v-SNARE/Syt1 SUVs, the fluorophores Rhodamine-DPPE (N-(lissa-
mine rhodamine B sulfonyl)1,2-dipalmitoyl phosphatidylethanolamine) and NBD-DPPE(N-(7-ni-
tro-2,1,3-benzoxadiaziole-4-yl)-1,2-dipalmitoyl phosphatidylethanolamine) were replaced by 0.5 
mol% of each Atto488-DPPE and Atto550-DPPE from Atto-Tec.

SUV – GUV docking and fusion reactions and data analysis were performed as described 
previously (Malsam et al, 2012). Briefly, incubations occurred in an isoosmolar buffer containing 25 
mM HEPES-KOH, pH 7.4, 135 mM KCl, 0.5 mM MgCl2, 1 mM Dithiothreithol and 100 μM EGTA. 
Calcium was added to a free concentration of 100 μM using the MAXCHELATOR software (http://
maxchelator.stanford.edu).  

Statistics

Physiology data: When three groups were compared (typically WT overexpression, RQ-mutant 
overexpression, and a control group) a non-parametric Kruskal-Wallis test for independent samples 
was used to compare the distributions. If the test was significant, a post-test with significance levels 
corrected for multiple comparisons was used for pairwise testing (IBM SPSS statistics, version 22). A 
significance level of 0.05 was assumed throughout.

Ultrastructural morphometry: The data obtained from individual cells was nested within indi-
vidual embryos (more than one observation drawn from one independent sample; an embryo). To 
accommodate potential dependency, we tested the effects by multi-level analysis using SPSS (IBM) 
software (Aarts et al., 2014). Number obtained per embryo for each dataset is noted in each figure 
legend, overall cell number and embryo number are annotated in the figure. 
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Abstract

Synaptotagmin1 (Syt1) is the primary Ca2+ sensor for synchronous release in neurons 

and neuroendocrine cells. Apart from its role in secretion, Syt1 also regulates secretory 

vesicle docking in neuroendocrine cells. However, which protein domains play a direct 

role in secretory vesicle docking remains unclear. Using ultrastructure analysis, we studied 

different mutants of Syt1 namely individual C2 domains, the calcium binding loops and 

polybasic region for their possible direct role in secretory vesicle docking in mouse chro-

maffin cells. We found that the individual TM-C2A domain partially rescued docking when 

expressed in syt1 null cells, but Syt1 with a mutated polybasic region or reduced membrane 

penetration of the calcium binding domain did fully rescue secretory vesicle docking. In 

contrast, Syt1 mutants with an enhanced membrane penetration of the calcium binding 

domain were impaired in restoring vesicle docking in syt1 null cells. These data indicate that 

for the complete rescue of docking both the C2 domains of Syt1 are required, and multiple 

domains on Syt1 are involved in vesicle docking that can compensate for each other upon 

mutagenesis in one of these domains.
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3.1     Introduction: 

The calcium-dependent synchronous release of neurotransmitter is essential for cell-

to-cell communication of neuronal and neuroendocrine cells. The SNARE (soluble N-eth-

ylmaleimide-sensitive factor attachment protein receptor) complex brings vesicular, and 

plasma membrane (PM) in proximity and the influx of calcium upon stimulation is detected 

by Synaptotagmin-1 (Syt1) to trigger fast fusion of these membrane compartments (Fernán-

dez-Chacón et al., 2001; Geppert et al., 1994; Sørensen et al., 2003a). This fast exocytosis 

response is achieved by a release-ready pool of vesicles that are physically attached to the 

secretion site (docking) and have gained fusion competence (priming) prior to the calcium 

signal (Verhage & Sørensen, 2008). In neuroendocrine cells, the minimal proteins required 

for vesicle docking are Syt1, Munc18-1 and t-SNARE proteins Syntaxin and SNAP25 (de Wit 

et al., 2006, 2009; Voets et al., 2001b). 

Syt1 mainly contains luminal, transmembrane and cytosolic domains, the latter 

consisting of two C2 domains, namely C2A and C2B (Fernández-Chacón et al., 2001). It 

is the primary Ca2+ sensor for synchronous release in neurons and neuroendocrine cells 

(Geppert et al., 1994; Voets et al., 2001a). Ca2+ is bound by aspartate residues of the C2A 

and C2B domain, ligating three and two calcium ions, respectively (Fernandez et al., 2001). 

The C2B domain binds to the SNARE proteins SNAP-25 and Syntaxin-1 as well as assem-

bled SNARE complexes (See review, Bai & Chapman, 2004a) (Chapman, 2008; Choi et 

al., 2010) and phospholipid-containing membranes (Bai et al., 2004b; Wu et al., 2003). 

Mutations of Ca2+ binding loops lead to drastic secretion/liposome fusion defects (Fernán-

dez-Chacón et al., 2001; Sørensen et al., 2003a) however, does not abolish t-SNARE inter-

action (Hui et al., 2009). Apart from aspartates, the loop also contains hydrophobic amino 

acids that are inserted into the membrane before calcium binding. In vitro study suggests 

that these loops insert approximately 6Å deep into the phospholipid bilayer in the absence 

of Ca2+ (Kuo et al., 2009, 2011; Martens et al., 2007), suggesting these loops may serve as 

membrane-association domains. Conversion of these hydrophobic amino acids to a large 

hydrophobic residue such as tryptophan (2W/4W/6W) resulted in a stimulation of secretion 

or liposome tubulation and t-SNARE interaction, while mutants that contain a small residue 

such as alanine showed inhibitory effects on these parameters and reduced t-SNARE inter-

action (Hui et al., 2009; Martens et al., 2007). These data suggest that the reorganization of 

lipid bilayer could be a critical function of Syt-1 in vesicle fusion.

Two arginine residues on the bottom of the C2B domain (R398, R399) have also been 

described to associate with lipid bilayers (Araç et al., 2006; Xue et al., 2008). Syt1 might 

mediate secretory vesicle docking by simultaneous binding two opposing membranes. This 

property of Syt1s C2B domain has been shown in vitro and depends on the Ca2+ binding 

loop and two arginines at the “bottom” (Araç et al., 2006; Xue et al., 2008). Mutations in 



       46

Figure 1. Independent C2 domains partly restore secretory vesicle docking. A) Typical confocal image of 
TM-C2A expression in a syt1+/- chromaffin cell, showing a normal localization of Syt1. (Scale bar 2 μm) 
B) Typical electron micrographs of different non-infected (wild type and syt1 null) and infected conditions 
(Syt1-TM-C2A and Syt1-TM-C2B) on syt1 null cell background. Arrows indicate docked secretory vesicle 
(Scale bar 200nm). C) Number of total and docked vesicles per section, **p≤0.01, ***p≤0.001 by multilevel 
analysis (between 1-8 cells were collected from 3-7 embryos per condition, overall cell numbers/embryo 
numbers are annotated inside graph. D) Normalized cumulative distribution of vesicles as a function of the 
distance from the PM, inset shows distance in range of 0-200nm from membrane.
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this bottom region (R398Q, R399Q) abolished neurotransmitter release in hippocampal 

neurons (Xue et al., 2008), and the single mutation (R398A) impaired Ca2+-dependent Syt1 

function in a lipid-mixing assay (Gaffaney et al., 2008). We have found that this domain is 

not required for vesicle docking in neuroendocrine cells, but it is needed for post-docking 

function of Syt1 in vesicle fusion (Kedar et al., 2015).

Apart from phospholipid binding, Syt1 can directly associate with several proteins 

including t-SNARE complex. Syt1 binds SNAREs at a lysine-rich area on the C2B, the so-called 

polybasic region (Rickman et al., 2004). The polybasic region interacts with SNAREs and/or 

phospholipids (Bai et al., 2004b; Honigmann et al., 2013; Kuo et al., 2011; Mohrmann et 

al., 2013; Parisotto et al., 2012; Rickman et al., 2004) and is essential for neurotransmission 

in hippocampal neurons (Li et al., 2006). In vitro docking assays indicate that the polybasic 

region is required for vesicle docking through its interaction with PI(4,5)P2 and/or t-SNAREs 

(Parisotto et al., 2012). Mutation of acidic residues on t-SNAREs SNAP25 that could interact 

with the polybasic region of Syt-1 lead to secretory vesicle docking and secretion defect in 

neuroendocrine cells (Mohrmann et al., 2013), suggesting that secretory vesicle docking is 

regulated by this Syt-1/SNAP25 interaction. It remains to be tested if disrupting this interac-

tion by mutations in the polybasic region of Syt-1 affect vesicle docking in neuroendocrine 

cells. 

In this study, we assess the role of different protein domains of Syt1 in secretory vesicle 

docking. Given the diversity of protein-lipid and protein-protein interactions of Syt1 that 

are potentially involved, we assessed the capacity of specific Syt1 subdomain mutants to 

restore vesicle docking in syt1 null chromaffin cells. First, we tested the contribution of 

each independent C2 domain by expressing transmembrane-linked C2A or C2B domains 

(TM-C2A or TM-C2B) in syt1 null cells (Supp. Figure 1A). Secondly, we used two mutants 

(Syt1-K325,326A and Syt1-K326,327A) that interfere with positive charge of the polybasic 

region to assess the role of this domain in vesicle docking. Finally, the involvement of the 

Ca2+ binding loops in docking was analyzed by mutating two or three hydrophobic amino 

acids on each C2 Ca2+ binding loop to loss-of-function alanine mutants [Syt1-M173A,-

F234A,V304A,I367A (Syt1-4A)] or gain-of-function mutants that have bulky tryptophan 

residues in these loops that enhance membrane embedding and t-SNARE interaction 

[Syt1-M173W,F234W,V304W,I367W (Syt1-4W) and Syt1-M173,F231,F234W,V304W,I-

364W,I367W (Syt1-6W)] (Supp. Figure 1A) (Bai et al., 2002; Enfu et al., 2012; Hui et al., 

2009; Martens et al., 2007). We show that polybasic and Syt1-4A mutants rescue docking 

to a normal level, while individual C2 domains, Syt1-4W and Syt1-6W mutants fail to fully 

restore secretory vesicle docking in syt-1 null mouse chromaffin cells. 
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3.2     Results: 

Individual C2A domain partly rescue secretory vesicle docking 

As both C2 domains of Syt1 have different roles in secretion (Fernandez et al., 2001; 

Gaffaney et al., 2008; Littleton et al., 2001; Südhof, 2014), first we addressed a potential 

independent function of C2 domains in docking by reintroducing single C2 domain with 

a TM domain (TM-C2B or TM-C2A) in syt1 null chromaffin cells (Supp. Figure 1A). The 

expression level and localization of TM-C2A mutant was analyzed on Syt1+/- chromaffin 

cells (E18) by Syt1 antibody labeling (Figure 1A). As compared to wild type cells, Syt1+/- 

cells showed lower Syt1 expression (Supp. Figure 1B, C, E). Overexpression of Syt1-wt 

and TM-C2A mutant produced a 3-fold increase in Syt1 expression (Supp. Figure 1E). The 

localization in overexpressed +Syt1-wt appears to be more PM associated and in the case 

of +TM-C2A uniformly distributed, similar to wild type condition (Figure 1A, Supp. Figure 

1E). The TM-C2B mutant could not be analyzed by this method as the epitope of the anti-

body was located in the Syt1-C2A domain. We overexpressed these mutants on syt1 null 

chromaffin cells that are impaired in vesicle docking (de Wit et al., 2009, Kedar et al., 

2015), to analyze their ability to restore docked pool of vesicles. Chromaffin cells under all 

experimental conditions showed normal cellular morphology (arrows show docked vesi-

cles, Figure 1B), with a total number of vesicles ranging from 110±10 to 140±10 vesicles/

section (mean±SEM, Figure 1C). Multilevel analysis of total number of vesicles showed 

that the TM-C2A construct had significantly higher number of total vesicles than TM-C2B 

construct and wild type (multilevel analysis against wild type: syt1 null +TM-C2A p=0.005 

and syt1 null +TM-C2B p=0.12). The TM-C2A domain construct restored docking to wild 

type levels [wild type  27,73±2,7; syt1 null+Syt1-wt 29,46±3,5; syt1 null 11,9±1,4; syt1 

null+eGFP 17,5±2,4; syt1 null+C2A 24,27±2,35; syt1 null+C2B 20,45±2,76 docked vesi-

cles/section (mean±SEM); multilevel analysis against syt1 null+Syt1-wt; syt1 null and syt1 

null +eGFP p≤0.001, syt1 null +C2A, p=0.456, syt1 null +C2B, p=0.016]. However, when 

the number of docked vesicles was normalized to the total number of vesicles, it was found 

that both individual C2 domain constructs did not fully restore docking (multilevel anal-

ysis against syt1 null+Syt1-wt: p=<0.01). When compared to syt1 null+eGFP, no significant 

docking difference was observed in the case of TM-C2B (p=0.23) but the expression of 

the TM-C2A domain lead to significant difference in docking (p=0.049), suggesting partial 

docking rescue. The normalized cumulative distribution of vesicles as a function of distance 

to the PM upon expression of the independent C2 domains falls in between the distribution 

of positive (+Syt1-wt) and negative (+EGFP) control, consistent with a partial rescue pheno-

type (Figure 1D). In first 200nm from the PM (Figure 1D. inset), it is evident that fewer vesi-

cles are present close to the plasma membrane when individual C2 domains are expressed 
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Figure 2. The polybasic region in the Syt1-C2B domain is dispensable for secretory vesicle docking. A) 
Normal spread and localization of both mutants in syt1+/- chromaffin cells. (Scale bar 2 μm) B) Ultra-struc-
tural images of infected conditions on syt1 null cell background. Arrows indicate docked secretory vesicle 
(Scale bar 200nm). C) Number of total and docked vesicles per section, **p≤0.01, ***p≤0.001 by multilevel 
analysis (between 1-8 cells were collected from 3-7 embryos per condition, overall cell numbers/embryo 
numbers are annotated inside graph. D) Normalized cumulative distribution of vesicles as a function of the 
distance from the PM, inset shows distance in range of 0-200nm from membrane.
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compared to Syt1-wt, however, higher than cells lacking Syt1. Above data indicates that 

C2A domain partially rescues secretory vesicle docking. 

Syt1s polybasic region is dispensable for docking

The polybasic region of C2B domain of Syt1 is critical for SNARE/PI(4,5)P2 binding (Li 

et al., 2006; Rickman et al., 2004; van den Bogaart et al., 2011) and could mediate docking 

(Parisotto et al., 2012). We addressed this hypothesis by using two mutants where lysines in 

this region are replaced by alanine (Syt1-K325,326A and Syt1-K326,327A) [kind gift from 

Dr. Geert van den Bogaart (van den Bogaart et al., 2011) and Prof. Dr. Bazbek Davletov 

(Rickman et al., 2004)]. These mutations lead to impairment of SNARE binding (Rickman 

et al., 2004) and affect neurotransmitter release (Li et al., 2006; Mackler & Reist, 2001). 

Both the mutants were 2-3 fold overexpressed compared to wild type cells with a normal 

localization in cytoplasm as well as close to PM similar to +Syt1-wt (Figure 2A and Supp. 

Figure 1E). Ultrastructure analysis of Syt1-K325,326A and Syt1-K326,327A expressing cells 

revealed that they both fully restore docking to wild type level [syt1 null+Syt1-K325,326A = 

30,66±2,85; syt1 null+ Syt1-K326,327A= 28,88±3,97 docked vesicles/section. Total number 

of vesicles ranged from 110 to 129±8 vesicles/section in all conditions, mean±SEM, Figures 

2B, C; multilevel analysis against syt1 null+Syt1-wt; syt1 null and syt1 null +eGFP p≤0.001, 

syt1 null +Syt1- K325,326A p=0.71, syt1 null +Syt1- K326,327A p=0.31]. The normalized 

cumulative distribution of vesicles as a function of distance from the PM of both mutants 

was similar to wild type (Figure 2D). These data show that the replacement of positively 

charged lysine in three locations of the polybasic region of Syt1 does not affect secretory 

vesicle docking in chromaffin cells. 

Calcium-binding loop mutants affect docking differently depending on 
mutation 

The calcium-binding loops of both C2 domains contain non-polar residues that are 

thought to embed in outer leaflet of phospholipid bilayer before (Kuo et al.,2009, 2011) 

and/or upon calcium binding (Martens et al 2007; Hui et al 2009), and could play a role in 

vesicle docking if these loops associate with PM. We tested this hypothesis by re-introducing 

a loss-of-function mutant of Syt1 in syt1 null chromaffin cells that have these hydrophobic 

residues swapped for alanine [Syt1-M173A,F234A,V304A,I367A (Syt1-4A)] or gain-of-func-

tion mutants that have bulky tryptophan residues in these loops that enhance membrane 

embedding [Syt1-M173W,F234W,V304W,I367W (Syt1-4W) and, Syt1-M173,F231,F-

234W,V304W,I364W,I367W (Syt1-6W)] [kind gifts from Prof. Dr. Edwin Chapman (Hui 

et al., 2009)]. These mutants were 2-3-fold overexpressed (except +Syt1-6W= 1.5-fold 
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increase) compared to wild type levels (Supp. figure 1E). However, the localization of these 

variants of Syt1 was affected, with a predominantly cytosolic distribution for Syt1-4A, while 

Syt1-4W and -6W mutants were highly concentrated at the PM (Figure 3A, and Supp. Figure 

1E). The total number of vesicles ranged from 110 to 147,5±10 (mean±SEM) vesicles/section 

in all conditions (Figures 3B, C). The Syt1-4A mutant completely rescued docking [syt1 

null+Syt1-4A = 29,16±3,08 vesicles/section, mean±SEM (Figure 3B, C) multilevel analysis 

against syt1 null+Syt1-wt; syt1 null and syt1 null +eGFP p≤0.001, syt1 null +Syt1-4A p= 

0.19]. On the other hand, conversion of four (Syt1-4W) or six (Syt1-6W) protein domains to 

tryptophan failed to rescue docking to normal level (syt1 null+Syt1-4W = 17,55±4,45; syt1 

null+Syt1-6W = 23,42±5,35; multilevel analysis against syt1 null+Syt1-wt; syt1 null and 

syt1 null +eGFP p≤0.001, syt1 null +Syt1-4W p= 0.006, syt1 null +Syt1-6W p= 0.28). In 

about half of the tryptophan mutant expressing cell cross-sections an additional membrane 

adjacent to the plasma membrane was observed (double membrane; Figure 3B). This inter-

mittent double membrane structure had about 5nm distance to the PM. No other ultrastruc-

tural differences of other organelles were observed in these cells. These cell cross-sections 

were excluded from quantitative analysis as the additional membrane structure could inter-

fere with vesicle docking, hence resulting in a limited number of quantified cells in this 

experimental group. The cumulative distribution of vesicles was similar to Syt1-wt in the 

case of Syt1-4A, while both tryptophan mutants lead to an intermediate distribution that 

resembles the negative control (Figure 3D with insert). These data show that hydrophobic 

residues in the calcium-binding loops of Syt1 affect docking in an unexpected direction: the 

loss-of-function Syt1-4A mutant fully restores docking in syt1 null cells, while gain-of-func-

tion mutants Syt1-4W and -6W fails to rescue docking fully. Furthermore, both tryptophan 

mutants induced an additional membrane structure at 5nm from the PM in a subset of cells.

3.3     Discussion:

Synaptotagmin-1 is needed for normal docking of secretory vesicles in neuroendo-

crine cells, but the subdomains of Syt1 involved in this process are unknown. Previously we 

have reported that the lipid-binding bottom domain residues (R398, R399) are not required 

for vesicle docking (Kedar et al., 2015). Here, we assess if two other key membrane-binding 

subdomains of Syt1, as well as the individual C2 domains, are required for vesicle docking. 

The ultrastructural analysis suggests that, first, the individual TM-C2A domain can partially 

restore secretory vesicle docking, but not the TM-C2B domain. Second, alanine substitu-

tions of lysines in three locations of the polybasic region fully rescue docking. This suggests 

that intact polybasic region is not required for secretory vesicle docking in mouse chro-

maffin cells. Third, hydrophobic residues in the calcium binding loop affect docking in 

an unexpected direction where the loss-of-function mutant fully restored the docked pool 

while gain-of-function mutants fail to rescue docking. Together with our previous report on 
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Figure 3. Figure legend on next page
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the Syt1-C2B domain (Kedar et al., 2015), we conclude that none of the defined functional 

subdomains of C2B domain are directly involved in docking and that tandem C2 domains 

are needed for full restoration of docking in syt1 null cells. These data are consistent with a 

model where multiple subdomains on Syt1 are involved in vesicle docking that can compen-

sate in this process.

The overexpression of wild type and mutant Syt1 proteins lead to 1.5- to 3-fold increase 

in overexpression compared to wild type. Localization in +Syt1-TM-C2A and +Syt1-4A 

appeared to be uniformly distributed in the cytoplasm and close to PM, similar to wild 

type localization pattern (Figure 1A, 3A, and Supp. Fig 1B). In the case of +Syt1-wt, +Syt1-

K325,326A, and +Syt1-K326,327A the localization appeared to be in the cytoplasm and 

also in high concentrations near PM. The tryptophan mutants of Syt1 were almost exclusively 

localized to PM (Figure 2A and Supp. Figure 1D). Although the presence of Syt1-TM-C2A and 

Syt1-4A was limited at PM, these mutants did (partially) restore vesicle docking indicating 

that functionally sufficient Syt1 protein was present at the vesicle docking sites. For Syt1-wt, 

Syt1-K325,326A and Syt1-K326,327A expressing cells, the abundance of Syt1 protein at 

the PM did not result in adverse effects on vesicles total number, distribution and docking 

(Figure 2). In tryptophan mutants, however, the overexpressed constructs were exclusively 

found near PM. The enhanced membrane binding of Syt1-4W and -6W could be a result 

of association to unspecific membrane compartments, including the vesicular membrane 

itself. Such permanent cis-membrane association of Syt1 would limit the mobility of the 

protein and limit the interaction with PM phospholipids or t-SNAREs, hence resulting in an 

impairment of vesicle docking. Non-specific membrane association is further indicated by 

the observation of an additional membrane associated with the PM in half of tryptophan 

mutant expressing cells (Figure 3B).

We tested the function of individual C2 domains in secretory vesicle docking in 

absence of Ca2+ in neuroendocrine cells. Several lines of evidence have indicated that both 

C2 domains function in tandem (See review, Bai & Chapman, 2004a) (Bai et al., 2016; 

Herrick et al., 2006; Lee et al., 2013; Rickman et al., 2004). That said, the C2B alone has 

been shown to execute secretion/liposome fusion/tubulation, in a Ca2+-dependent (Araç 

et al., 2006; Hui et al., 2009) or -independent manner (Honigmann et al., 2013). Multi-

Figure 3. (continued from previous page)The Ca2+-binding loop is dispensable for secretory vesicle docking 
and PM specific overexpression of tryptophan mutants leads to intermittent double membrane effect. A) 
Overexpression and localization pattern of Ca2+ binding loop mutants in syt1+/- chromaffin cells. (Scale bar 
2 μm) B) Ultra-structural images of infected conditions on syt1 null cell background. Arrows mark docked 
vesicles (Scale bar 200nm). C) Number of total and docked vesicles per section, **p≤0.01, ***p≤0.001 by 
multilevel analysis (between 1-4 cells were collected from 3-7 embryos per condition, overall cell numbers/
embryo numbers are annotated inside graph. D) Normalized cumulative distribution of vesicles as a func-
tion of the distance from the PM, inset shows distance in range of 0-200nm from membrane.
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level analysis of docked vesicles normalized to the total number of vesicles indicates that 

partial rescue by TM-C2A is not a result of increased total number of vesicles. We find that 

TM-C2A domain alone can rescue docking, however partially. Individual C2A domains fail 

to induce membrane fusion (Araç et al., 2006; Gaffaney et al., 2008; Martens et al., 2007) 

or affect EJP amplitude (Lee et al., 2013). Also, it is shown in vitro that C2A domain does not 

interact with SNAREs in absence of Ca2+ and has less affinity for PI(4,5)P2 as compared to 

C2B domain (Kuo et al., 2009; Rickman, 2003, 2004). However, a recent crystal structure 

study suggests that C2A interacts with another Syt1 and SNARE complex involving residues 

Syt1-R199 and -R233, syntaxin-1A D218, and synaptobrevin-2 D57 (Zhou et al., 2015). 

These interactions may have been sufficient for vesicle docking but not to the full capacity, 

supporting the importance of both C2 domains for full docking rescue. Moreover, contribu-

tion by trans-orientation interaction of calcium binding loop with PM cannot be excluded 

(Park et al., 2012). Further confirmation is needed (using C2A-C2A or C2B-C2B constructs) 

for a stronger conclusion. Full/partial/no rescue by these constructs can provide insight 

into the importance of tandem C2 domains in rescuing docking. In our assay, the TM-C2A 

domain was more effective in restoring the docked pool then TM-C2B (Figure 1C). This was 

unexpected as the Syt1-C2B domain has been ascribed for most of Syt1s function such as 

SNARE and/or PI(4,5)P2 binding and membrane bending that results in fast synchronous 

release (Fernandez et al., 2001; Gaffaney et al., 2008; Littleton et al., 2001). Due to lack of 

C2B domain specific antibody in current study, whether TM-C2B protein successfully folded 

or not remained to be examined, which is limiting the interpretation of the current data. 

Altogether, our findings on individual C2 domain shows that both C2 domains in tandem 

may be necessary for the full rescue of secretory vesicle docking in chromaffin cells. 

In cell-free assays, it was found that the polybasic region of Syt1s C2B domain (K326, 

K327, K331) is essential for Ca2+ independent docking (Lai et al., 2015; Loewen et al., 2006; 

Parisotto et al., 2012) and Ca2+ dependent fusion (Malsam et al., 2012). Electrophysiological 

data from Drosophila larvae and hippocampal neurons also suggests the importance of the 

polybasic region in neurotransmitter release (Li et al., 2006; Mackler & Reist, 2001). Struc-

tural experiments in solution have indicated that the Syt1 polybasic region is the predomi-

nant interaction site for SNARE complex (Brewer et al., 2015) and would be the prime region 

to regulate docking with SNAP-25/Syntaxin acceptor complex (de Wit et al., 2009; Mohr-

mann et al., 2013). We tested two Syt1 mutants with an impaired polybasic region (K325A/

K326A and K326A/K327A) and did not observe any defect in secretory vesicle docking. It is 

possible that these mutations are too mild to cause a functional defect of the polybasic region 

in docking. In other studies, mutation of three lysines (326, 327, 331) to polar glutamine (Q) 

instead of alanine resulted in greater disruption of the positive electrostatic potential of the 

polybasic region that led to docking defect (Lai et al., 2015; Loewen et al., 2006; Mackler 

& Reist, 2001; Parisotto et al., 2012). Alternatively, the potential loss of function of the poly-
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basic region in vesicle docking could have been compensated by other protein domains of 

Syt1 (e.g. the calcium binding loop or bottom face). In our previous work (Chapter 2; Kedar 

et al., 2015) we found that bottom face (R398,399) is dispensable for docking. The polybasic 

region and two arginine residues at the bottom face can interact with PM phospholipids and/

or the SNARE complex (Honigmann et al., 2013; Zhou et al., 2015), potentially resulting in 

redundant functions in vesicle docking.Similar to single vesicle assay findings in presence of 

PIP2 (Lai et al., 2015), no docking defect was found in the case of Syt1-4A expressing cells. 

This confirms that membrane association of C2 domain calcium-binding loops may not be 

the only domain responsible for vesicle docking as may be in the case of TM-C2A domain 

mentioned above. However, conversion of four or six membrane-binding amino acids to 

tryptophan resulted in partial rescue of vesicle docking, which in case of Syt1-4W is contra-

dictory to previous findings in in vitro studies (Lai et al., 2015; Martens et al., 2007). That 

said, our docking observations are limited for tryptophan mutants since docking parameter 

cannot be quantified in cells with double membrane, which limits the interpretation of our 

4W and 6W mutant data. The double membrane phenotype might resemble the function 

of Extended-Synaptotagmins (E-Syt), specially E-Syt2 and E-Syt3, which plays a crucial role 

in bringing endoplasmic reticulum close to PM (Giordano et al., 2013; Shin et al., 2005). 

All C2 domains of E-Syt1, E-Syt2 (except C2C), E-Syt3 contain tryptophan residues in the 

primary structure. Potentially the overexpression of the Syt1 tryptophan mutants could fulfill 

a similar function, but how this relates to the role of endogenous Syt1 is unclear. The differ-

ences in Syt1 distribution and effects on the organization of membranes in cells that express 

Syt1-4W or -6W preclude strong conclusions on the role of the hydrophobic residues in the 

calcium binding loop domain in vesicle docking. 

From our previous (Kedar et al., 2015) and current findings, we conclude that Ca2+ 

binding loop, polybasic region (K325,326,327) and the bottom face (R398,399) are dispen-

sable for secretory vesicle docking under basal conditions and individual TM-C2A domain 

can partially rescue secretory vesicle docking in chromaffin cells. Availability of multiple 

positively charged regions or individual amino acids on the surface may act as a template 

to electrostatically interact preferably with t-SNARE/phospholipids. Hence, we propose that 

Syt1 can interact with PIP2 and/or t-SNARE and dock vesicles by any one or multiple config-

urations intact i.e. Ca2+ binding loop and/or polybasic region and/or bottom face and/or a 

minimal number of positively charged amino acids. Our model is consistent with in vitro 

(Herrick et al., 2006; Honigmann et al., 2013; Martens et al., 2007) and recent Syt1-SNARE 

complex crystal structure (Zhou et al., 2015) that indicates multiple modes of interaction. 

For future studies, combining two or three site mutations e.g. Ca2+ binding loop/polybasic 

region/bottom face arginines will help to identify more firmly the sites that contribute for 

secretory vesicle docking. 
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3.4     Materials and Methods: 

Cell culture and transfection of chromaffin cells

Mouse Chromaffin cells were obtained by isolating adrenal glands of wild type or synapto-
tagmin-1 null littermates (E18) and cultured as described (Sørensen et al., 2003; de Wit et al., 2009). 
Cells were infected on day in vitro (DIV) 3 for 8 hrs with Semliki Forest Virus (Ehrengruber & Lund-
strom, 2007) containing full length synaptotagmin-1-IRES-eGFP, syt1-(K325,326A)-IRES-eGFP [a gift 
from Dr. Geert van den Bogaart (van den Bogaart et al., 2011)], syt1-(K326,327A)-IRES-eGFP [a gift 
from Prof. Dr. Bazbek Davletov (Rickman et al., 2004)], syt1-(M173A,F234A,V304A,I367A)-IRES-
eGFP denoted as Syt1-4A, syt1-(M173W,F234W,V304W,I367W)-IRES-eGFP denoted as Syt1-4W, 
syt1-(M173,F231,F234W,V304W,I364W,I367W)-IRES-eGFP denoted as Syt1-6W  [gift from Prof. 
Dr. Edwin Chapman (Hui et al., 2009; Martens et al., 2007)], syt1-(TM-C2A)-IRES-eGFP and syt1-
(TM-C2B)-IRES-eGFP. In ultra-morphology analysis experiments, SFV expressing IRES-eGFP was 
used as a negative control. 

Confocal microscopy 

For overexpression analysis either wild type or syt1+/- cells were fixed using 4% paraform-
aldehyde (Merck, Germany) in PBS (pH 7.4) for 1hr, permeabilized with 1% Triton X-100 in PBS 
for 5 min and blocked for 30 min with the solution containing PBS, 2%NGS and 1% Triton X-100. 
Cells were then incubated with primary antibody (rabbit anti-synaptotagmin 1, 1:1000 or rabbit 
anti-ChromoganinB, 1:500) for 1hr, washed and then incubated with secondary antibody (goat-anti-
rabbit Alexa Fluor-546, 1:1000, Sigma) for 1 hr. Cell fixation and staining procedure were carried 
out at room temperature. Coverslips were mounted on glass slides using Mowiol 4-88 (Aldrich). 
Confocal laser scanning microscope (LSM 500 Meta, Carl Zeiss Microimaging) was used to image 
stained cells. Infected cells were identified based on eGFP fluorescence. Images were taken using 63 
X/1.4 N.A. oil immersion objective lens. Fluorescence intensity was calculated using Fiji (Schindelin 
et al., 2012).

Electron microscopy of cultured chromaffin cells
Cells were fixed with 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.4) for 1hr and 

subsequently washed with 0.1M cacodylate buffer (pH 7.4). Post-fixation was done for 1.5 hr using 
1% Osmium tetroxide and 1% Ruthenium tetroxide mixture in 0.1M cacodylate buffer. Dehydra-
tion using series of ethanol concentration (30% to 100%) was carried out before embedding in 
EPON and polymerized at least for 15hr at 650C. The cover slip was removed from EPON resin 
by alternatively dipping into liquid nitrogen and hot water. On flat EPON surface region with high 
cell density monolayer was selected, cut and mounted on pre-polymerized EPON blocks for thin 
sectioning. Ultra-thin sections (~ 90 nm) were collected on single-slot, formvar-coated copper grids, 
and stained with uranyl acetate and lead citrate. Jeol 1010 transmission electron microscope was 
used for high-resolution imaging. Vesicle membrane in direct contact to the PM was considered as 
docked vesicles. The infected cell was identified based on the presence of SFV (droplet shape with 
dense core) on the PM. Distance measurements were carried out using 10000X or 30000X magnifi-
cation images on iTEM software (Olympus).
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Supplmentary Figure 

Supplementary Figure 1. Representation of Syt1 mutant constructs and overexpression analysis of different 
Syt1 mutants. Staining of A) wild type, B) Syt1+/- and C) Syt1wt overexpressing Syt1+/- chromaffin cell 
stained with Syt1 antibody. D) Quantification of fluorescence intensity in wild type, Syt1+/- and different 
mutant expressing conditions (inset in graph shows cell number/animal number used)
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Abstract

Munc18-1 is essential for vesicle fusion and participates in the docking of large dense-

core vesicles to the plasma membrane. Recent structural data suggest that conformational 

changes in the 12th helix of the Munc18-1 domain 3a within the Munc18-1:syntaxin 

complex result in an additional interaction with synaptobrevin-2/VAMP2 (vesicle-associ-

ated membrane protein 2), leading to SNARE complex formation. To test this hypothesis in 

living cells, we examined secretion from Munc18-1-null mouse adrenal chromaffin cells 

expressing Munc18-1 mutants designed to either perturb the extension of helix 12 (∆324–

339), block its interaction with synaptobrevin-2 (L348R), or extend the helix to promote 

coil– coil interactions with other proteins (P335A). The mutants rescued vesicle docking 

and syntaxin-1 targeting to the plasma membrane, with the exception of P335A that only 

supported partial syntaxin-1 targeting. Disruptive mutations (L348R or ∆324–339) lowered 

the secretory amplitude by decreasing vesicle priming, whereas P335A markedly increased 

priming and secretory amplitude. The mutants displayed unchanged kinetics and Ca2+ 

dependence of fusion, indicating that the mutations specifi- cally affect the vesicle priming 

step. Mutation of a nearby tyrosine (Y337A), which interacts with closed syntaxin-1, mildly 

increased secretory amplitude. This correlated with results from an in vitro fusion assay 

probing the functions of Munc18-1, indicating an easier transition to the extended state 

in the mutant. Our findings support the notion that a conformational transition within the 

Munc18-1 domain 3a helix 12 leads to opening of a closed Munc18-1:syntaxin complex, 

followed by productive SNARE complex assembly and vesicle priming.

Significance statement 

The essential post-docking role of Munc18-1 in vesicular exocytosis has remained 

elusive, but recent data led to the hypothesis that the extension of helix 12 in Munc18 

within domain 3a leads to synaptobrevin-2/VAMP2 interaction and SNARE complex for- 

mation. Using both lack-of-function and gain-of-function mutants, we here report that the 

conformation of helix 12 predicts vesicle priming and secretory amplitude in living chro-

maffin cells. The effects of mutants on secretion could not be explained by differences in 

syntaxin-1 chaperoning/localization or vesicle docking, and the fusion kinetics and calcium 

dependence were unchanged, indicating that the effect of helix 12 extension is specific for 

the vesicle-priming step. We conclude that a conforma- tional change within helix 12 is 

responsible for the essential postdocking role of Munc18-1 in neurosecretion.
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4.1     Introduction: 

The SNARE-complex, pivotal to secretion of neurotransmitters, consists of the two 

target-SNAREs syntaxin-1 and SNAP-25, and the vesicular-SNARE synaptobrevin-2/VAMP2 

(syb-2). Munc18-1, another protein obligatory for neurotransmitter release (Verhage et al., 

2000; Voets et al., 2001b), interacts with SNAREs in at least two distinct conformations. In 

the first, it binds via its central hydrophobic cavity to the closed conformation of syntaxin-1, 

where the Habc-domain of syntaxin-1 occludes the SNARE-motif (Dulubova et al., 1999; 

Misura et al., 2000; Burkhardt et al., 2008). In the second conformation, Munc18-1 binds to 

the assembled – or assembling – SNARE-complex (Dulubova et al., 2007; Shen et al., 2007; 

Ma et al., 2013; Shen et al., 2015). Both binding modes include a separate interaction of 

the N-terminal peptide of syntaxin-1 with Munc18-1 (Shen et al., 2007; Burkhardt et al., 

2008), although the exact role of this interaction is still being discussed (Burkhardt et al., 

2008; Deak et al., 2009; Shen et al., 2010; Hu et al., 2011; Meijer et al., 2012; Colbert et 

al., 2013; Dawidowski and Cafiso, 2016). 

In neuroendocrine cells and neurons Munc18-1 plays multiple roles. Munc18-1 acts 

as a chaperone for syntaxin-1 (Medine et al., 2007) [and vice versa, (Arancillo et al., 2013)] 

during trafficking through the ER and Golgi apparatus. Munc18-1 is also necessary for vesicle 

docking to the plasma membrane (Voets et al., 2001b). The docking phenotype can be over-

come by stabilizing SNAP-25:syntaxin dimers, to which synaptotagmin-1 docks vesicles 

(de Wit et al., 2009). However, while the docking phenotype is rescued, secretion remains 

abrogated (de Wit et al., 2009), pointing to yet another essential function of Munc18-1 in 

vesicle priming or fusion (Gulyas-Kovacs et al., 2007). 

Data from several laboratories have converged on the conclusion that the essential 

stimulating function of Munc18-1 in secretion involves the domain 3a (Boyd et al., 2008; 

Hu et al., 2011; Han et al., 2013; Han et al., 2014; Parisotto et al., 2014). This is further 

supported by the effect of PKC phosphorylation of residues within the domain 3a, which 

promotes vesicle priming (Nili et al., 2006). A specific hypothesis for the role of the domain 

3a has been suggested (Hu et al., 2011; Parisotto et al., 2014), as follows: the N-terminal 

region (amino acids 324 to 339) of helix 12 of Munc18-1 (within the domain 3a) can exist in 

two conformations (refer to Fig. 1); first, a folded-back “closed” helical hairpin (Fig. 1A-B), 

where P335 acts as a hinge, which was identified in the Munc18-1:syntaxin crystal (Misura 

et al., 2000; Burkhardt et al., 2008), and, second, an extended “open” helical hairpin, 

where the amino acid stretch from 324 to 339 extends helix 12 (Fig. 1C). The latter confor-

mation was identified in a crystal of Munc18-1 bound only to the N-terminal peptide of 

syntaxin-4 (Hu et al., 2011). The extended “open” helix 12 would sterically clash with 

closed syntaxin-1. Thus, the conformational change in domain 3a from the “closed” to 

the “open” helical hairpin might coincide with the transition from “closed” to the “open” 
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syntaxin-1 and promote SNARE-complex formation. Moreover, the helix 12 contains resi-

dues that interact with part of the syb-2 SNARE-domain (Xu et al., 2010; Baker et al., 2015), 

raising the possibility that the extended helix forms a template to structure syb-2. This was 

recently tested in vitro using a vesicle fusion assay (Parisotto et al., 2014). In support of the 

model, a mutation (L348R) found to eliminate syb-2 binding abolished the fusion-promoting 

action of Munc18-1, whereas mutation of the ‘hinge’ proline (P335A) increased the helicity 

of helix 12 and displayed a gain-of-function phenotype in vitro (Parisotto et al., 2014). 

Here, we tested this hypothesis in live adrenal chromaffin cells. We found that deletion 

of most of the helical hairpin (∆324-339) or disruption of syb-2 binding (L348R) impairs 

neurosecretion. Conversely, the P335A mutation promotes vesicular fusion by enhancing 

vesicle priming. Our results indicate that a conformational change in helix 12 of Munc18-1 

is crucial for vesicular priming.

4.2     Results: 

In order to investigate the role of helix 12 of Munc18-1 in live cells, we performed exper-

iments in mouse embryonic adrenal chromaffin cells from the munc18-1 null rescued by 

overexpression (OE) of different Munc18-1 mutants or the wildtype protein (WT) using the 

Semliki Forest Virus system (Materials and Methods). Previous data showed that Munc18-1 

WT OE readily (within 6 h) rescues secretion in munc18-1 null cells (Toonen et al., 2006b). 

The mutated amino acids are shown in Fig. 1 (B-C): one mutation (∆324-339) was a dele-

tion of 16 amino acids, which forms most of the extended part of the α-helix 12. Another 

Figure 1. Extension of the helix 12 (opening of the helical hairpin) in Munc18-1. (A) Crystal structure of 
the Munc18-1 (medium purple) bound to “closed” Syntaxin-1 (cyan) (Burkhardt et al., 2008). (B) Zoom of 
A showing the 11th (to the left) and 12th helix (middle-right), the helical hairpin, and with color code the 
residues mutated in this study: 324-339 in red, P335 in green, Y337 in blue, and L348 in orange. Y337 
forms a H-bond (green) to the side chain of N135 in syntaxin-1. (C) Crystal structure of Munc18-1 bound to 
the syntaxin-4 N-peptide (Martin et al., 2013) showing the extended state of the helix 12. SNAREs are not 
included in that structure.
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mutation was L348R, which has been shown to compromise binding between Munc18-1 

and syb-2 (Parisotto et al., 2014). The P335A mutation targeted the ‘hinge’ proline (P335), 

which does not considerably change syb-2 binding, but leads to increased α-helicity of 

the region, thereby favouring an extended conformation (Parisotto et al., 2014). Finally, we 

tested an alanine mutation of Y337 (Y337A). In the “closed” helical hairpin conformation 

of Munc18-1, Y337 forms a hydrogen bond with N135 in closed syntaxin-1 and there-

fore might stabilize this conformation. Immunostaining for Munc18-1 after expression in 

munc18-1 null chromaffin cells showed that all constructs were highly expressed, resulting 

in mainly diffuse cytoplasmic staining (Fig. 2A). Quantification revealed similar expression 

of Munc18-1 WT protein, as well as the ∆324-339, L348R and P335A mutants, whereas the 

Y337A mutant was expressed weaker, although still clearly above endogenous levels (Fig. 

2B). 

Figure 2. All Munc18-1 mutants are expressed and show normal localization in munc18-1 null cells. (A) 
Panels show typical example confocal images (EGFP infection marker, anti-Munc18 labeling) of wild type 
chromaffin cells and munc18-1 null cells expressing wild type Munc18-1 (M18-WT), Munc18-1 Δ324-339 
(M18-Δ324-339), Munc18-1 P335A (M18-P335A), Munc18-1 L348R (M18-L348R), Munc18-1 Y337A 
(M18-Y337A) or EGFP negative control as indicated. Scale bar represents 2μm. (B) Bar graph shows the 
average Munc18 labeling intensity (arbitrary units (a.u.), 15 cells per condition) of the chromaffin cell equa-
torial plane. Viral infection of munc18-1 null cells shows a 5-20 fold overexpression compared to endoge-
nous Munc18-1 labeling, *** p<0.001 difference (ANOVA and post hoc t-test with bonferroni correction) to 
all conditions.
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Most mutations in the helix 12 rescue syntaxin-1 localization and vesicle 
docking

It was suggested that the extended helix 12 in Munc18-1 is incompatible with binding 

to closed syntaxin-1 (Hu et al., 2011). Indeed, the P335A mutation was found to slightly 

destabilize the binding between Munc18-1 and monomeric syntaxin-1 (Han et al., 2014), 

but we did not observe this in a previous study (Parisotto et al., 2014). Impairment of the 

stability of the Munc18-1:syntaxin complex could potentially compromise the chaperone 

function of Munc18-1, which regulates syntaxin-1 transport to the plasma membrane in 

normal amounts. Because the local syntaxin-1 concentration is critical for neurotransmitter 

release (Arancillo et al., 2013), we investigated this point by immunostaining 259 munc18-1 

null chromaffin cells expressing the different Munc18-1 mutants for syntaxin-1 (Fig. 3). 

Expression of WT Munc18-1 in null cells increased the targeting of syntaxin-1 to the 

plasma membrane (PM), and thus the PM/cytosol ratio (Fig. 3A-B), in line with previous 

Figure 3. Most Munc18-1 domain 3a mutants are able to restore syntaxin-1 localization at the plasma 
membrane. (A) Panels show typical example confocal images (EGFP infection marker and anti-syntaxin-1 
labelling) of munc18-1 null chromaffin cells expressing wild type Munc18-1 (M18-WT), Munc18-1 Δ324-
339 (M18-Δ324-339), Munc18-1 P335A (M18-P335A), Munc18-1 L348R (M18-L348R), Munc18-1 E446K 
(M18-E466K), Munc18-1 Y337A (M18-Y337A) or EGFP negative control as indicated. Scale bar represents 
2μm. (B) Bar graph shows the distribution of the syntaxin-1 label as ratio of plasma membrane (PM) area 
over cytosol area in these conditions (2 independent cultures, 17-24 cells). Significant differences are indi-
cated (ANOVA and post hoc t-test with bonferroni correction *** p<0.001, * p<0.05).
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data (Gulyas-Kovacs et al., 2007; Gerber et al., 2008). Increased targeting was also found 

for the ∆324-339, the L348R and – in spite of the lower expression level of this mutant (Fig. 

2) – the Y337A (Fig. 3B). However, the P335A resulted in an intermediate syntaxin-1 pheno-

type, which was neither significantly different from the munc18-1 null (expressing EGFP 

as a control), nor the Munc18-1 WT OE condition. Thus, the P335A appears to be partly 

compromised in chaperoning monomeric syntaxin-1 to the membrane, probably indicating 

a weaker binding. 

Elimination of either Munc18-1 or syntaxin-1 decreases the pool of vesicles that is 

directly attached to the plasma membrane in aldehyde-fixed chromaffin cells, the so-called 

docked vesicles (Voets et al., 2001b; de Wit et al., 2006). The D34N/M38V double muta-

tion in Munc18-1 rescues both syntaxin-1 and Munc18-1 levels, whereas docking is 

still suppressed (Gulyas-Kovacs et al., 2007); on the other hand, docking was rescued in 

munc18-1 null cells by manipulations, which create ectopic syntaxin-1:SNAP-25 dimers (de 

Wit et al., 2009). Thus, the relationship between syntaxin-1 targeting and vesicle docking is 

not straightforward. We next investigated whether the mutations affected vesicle docking. 

Morphometric analysis on the ultrastructural level using electron micrographs showed 

that munc18-1 null cells were impaired in docking, and this was rescued by expression of 

Munc18-1 WT (Fig. 4A-B). The ∆324-339, the L348R and the P335A mutants all rescued 

docking to levels indistinguishable from the WT protein (Fig. 4A-B). All conditions had a 

similar number of total vesicles per section (Fig. 4B), showing that docking to the plasma 

membrane is selectively impaired in the absence of Munc18-1, not vesicle abundance 

(Voets et al., 2001b; de Wit et al., 2009). 

Overall, these findings indicate that the mutations studied here do not lead to dramatic 

differences in syntaxin-1 targeting or vesicle docking – and that the reduced syntaxin-1 

targeting by the P335A mutant does not translate into a detectable defect in vesicle docking.

Mutations in helix 12 impair or enhance neurosecretion

Next, we evaluated secretion from munc18-1 null chromaffin cells overexpressing 

each of the mutations. Overexpression of WT Munc18-1 was used as a control. Exocytosis 

was triggered by uncaging Ca2+ from Nitrophenyl-EGTA while [Ca2+]i was measured using 

a mixture of two fura-dyes (Materials and Methods). We monitored exocytosis by parallel 

measurements of membrane capacitance and amperometry, which reports on released 

catecholamines. Uncaging Ca2+ in munc18-1 null cells overexpressing WT Munc18-1 

resulted in robust secretion (Fig. 5A, black trace). In contrast, munc18-1 null cells have 

hardly any secretion at all [refer to Fig. 8A, grey trace, and (Voets et al., 2001b; Toonen et 
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al., 2006b; Gulyas-Kovacs et al., 2007; de Wit et al., 2009)]. Expression of the L438R or 

the ∆324-339 mutations both resulted in markedly reduced secretion (Fig. 5A). In contrast, 

the P335A mutation augmented secretion above WT levels (Fig. 5A). The secretion within 

the first half second of the Ca2+-increase is often referred to as the ‘exocytotic burst’, and 

roughly represents the fusion of those vesicles that were primed before the uncaging 

event. This phase was statistically different between all three mutations and the WT (WT 

mean±SEM=140fF±15fF, n=25; ∆324-339 mean=49fF±6fF, n=30; L348R mean=74fF±8fF, 

n=23; P335A mean=259fF±25fF, n=28, ANOVA, p<0.001; All groups but ∆324-339 and 

L348R were significantly different from each other; results of Tukey HSD are indicated 

in Fig. 5B). Total release was affected similarly (WT mean=336fF±34fF, n=25; ∆324-339 

mean 98fF±10fF, n=30; L348R mean=154fF±17fF, n=23; P335A mean=547fF±52fF, n=27; 

ANOVA, p<0.001; results of Tukey HSD indicated on Fig. 5B). Finally, the sustained release 

(release between 0.5 and 5.5 s after uncaging) was affected, once again P335A increased 

release and 324-339∆ and L348R decreased release (WT mean=147fF±20fF, n=25; ∆324-

Figure 4. Munc18-1 domain-3a mutants restore vesicle docking. (A) Typical example micrographs of the 
plasma membrane area of wild type chromaffin cells and munc18 null cells expressing wild type Munc18-1 
(M18-WT), Munc18-1 Δ324-339 (M18-Δ324-339), Munc18-1 P335A (M18-P335A), Munc18-1 L348R 
(M18-L348R) or EGFP negative control as indicated. Scale bar represents 200 nm, the arrowheads indi-
cate docked vesicles (in direct contact with the plasma membrane). (B) The total (left) and docked (right) 
number of vesicles per cross section, normalized to wild type levels. Number of independent cultures and 
number of cells quantified is indicated in the bar graph, **p<0.01 significant difference (Multilevel analysis) 
to all other conditions.
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339 mean=37fF±4fF, n=30; L348R mean=57fF±11fF, n=23; P335A mean=219fF±22fF, 

n=27; ANOVA, p<0.001; results of Tukey HSD indicated in Fig. 5B). Sustained release is 

assumed to originate from ongoing vesicle priming, followed immediately by fusion as long 

as the [Ca2+]i remains high. The preflash [Ca2+]i was not significantly different between the 

groups (WT mean= 647nM±37nM, n=25; ∆324-339 mean= 769nM±45nM, n=30; L348R 

mean= 879nM±90nM, n=23; P335A mean= 849nM±127nM, n=28; ANOVA, p=0.23). 

Figure 5. Exocytotic release is increased by the P335A mutant and decreased by the Δ324-339 and L348R 
mutants. (A) Ca2+-uncaging experiment (uncaging at arrow marked ‘Flash’) showing means for all meas-
ured cells (for n: see panels B-D). Top panel: mean [Ca2+]i following the flash; middle panel: mean   capaci-
tance measurements; bottom panel: mean amperometric current (left ordinate axis) or amperometry charge 
(right ordinate axis). Measurements are of overexpressed Munc18-1 WT (black), Δ324-339 mutant (red), 
L348R mutant (orange), and P335A mutant (green) in munc18-1 null chromaffin cells. (B) total release (Δ 
Cm at 5 s after the flash), burst size (ΔCm at 0.5 s after the flash), and sustained release (ΔCm at 5 s- ΔCm 
at 0.5 s after the flash) were all significantly different between each mutant and Munc18-1 WT overexpres-
sion. Δ324-339 and L348R decreased, whereas P335A increased secretion. (C) The amplitude of the fast 
burst (corresponding to the size of the RRP) and (D) the slow burst (corresponding to the size of the SRP) 
were significantly increased in the P335A and decreased with the Δ324-339 mutant.  The release kinetics 
(time constants) of the fast (E) and slow (F) burst were not significantly different between groups. *p<0.05, 
**p<0.01, *** p<0.001: Tukey HSD test following ANOVA.
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This is important, because vesicle priming – and therefore the size of the secretory burst is 

Ca2+-dependent (Voets, 2000).

We compared the release kinetics of the burst phase between groups by fitting a sum 

of two exponentials (plus a slower exponential to correct for the sustained component) to 

each trace, as documented previously (Sørensen et al., 2003a; Mohrmann et al., 2013). This 

revealed that the amplitude of both the fast and the slow burst component were significantly 

reduced in the ∆324-339 mutant (Fig. 5C-D), and significantly increased by the P335A, 

whereas the L348R did not reach statistical significance. The release kinetics (time constants) 

of the fast and slow burst were not significantly different between groups (τfast: M18-WT 

Mean=15.7ms±2.2ms, n=21; M18-∆324-339 mean=19.7ms±4.2ms, n=20; M18-L348R 

mean=13.5ms±2.2ms, n=21; M18-1-P335A mean=16.2ms±1.6ms, n=23; ANOVA: 

p=0.44. τslow: M18-WT Mean=195ms±32ms, n=16; M18-∆324-339 mean=330ms±71ms, 

n=22; M18-L348R mean=235ms±43ms, n=19; M18-1-P335A mean=175ms±22ms, n=20; 

ANOVA p=0.11, Figs. 5E and F). The different n numbers for fast and slow bursts appear 

because not all cells have both a fast and slow burst. The fast burst phase originates from 

release from the readily-releasable pool (RRP) of vesicles, whereas the slow phase originates 

from a vesicle pool just upstream of the RRP (Walter et al., 2013), often referred to as the 

slowly releasable pool (SRP). The near-proportional change in sustained release and the size 

of the burst, including SRP and RRP, indicate that the mutations affect a recruitment/priming 

step leading into the SRP from an upstream pool. 

Figure 6. Mutations in helix 12 do not change the Ca2+-threshold of release. (A) Representative [Ca2+]i and 
ΔCm single traces for munc18-1 null cells, and null cells overexpressing Munc18-1 WT, the Δ324-339 and 
the P335A mutation. (B) Mean Ca2+ thresholds were unchanged between conditions.
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To investigate whether the Ca2+-sensitivity of release is changed by the mutations, 

we performed Ca2+-ramp experiments, where the [Ca2+]i was increased slowly by photo 

releasing Ca2+ from the cage using constant illumination oscillating between 350 and 380 

nm, allowing simultaneous measurement of [Ca2+]i using the fura-dyes (Sørensen et al., 

2002). The secretion threshold was identified as the maximum of the second derivative of 

the capacitance trace. This threshold is increased by mutating synaptotagmin-1 to reduce 

the Ca2+ affinity (Sørensen et al., 2003a), or by mutating SNAP-25s synaptotagmin-1 binding 

sites (Mohrmann et al., 2013). Testing the ∆324-339 and the P335A mutations, we did not find 

differences in the release threshold (Fig. 6A-B), which was about the same as in munc18-1 

null cells or after overexpression of Munc18-1 WT (null mean=1.30 μM ±0.42 μM, n=20; 

WT mean=1.41 μM ±0.26 μM, n=21; P335A mean=1.17 μM ±0.13 μM, n=27; ∆324-339 

mean=1.48 μM ±0.25 μM, n=24; ANOVA: p=0.85). Thus, the helix 12 of Munc18-1 does 

not play a dominant role in setting the Ca2+-dependence of release, but rather acts to prime 

vesicles for release.

Munc18-1 Y337A mutation enhances neurosecretion

In the crystal structure of Munc18-1 bound to closed syntaxin-1 (Misura et al., 2000; 

Burkhardt et al., 2008), Y337 in the domain 3a of Munc18-1 is close to and expected to 

form a hydrogen bond with N135 of syntaxin-1 (Fig 1B-C). A Munc18-1 Y337L mutant has 

previously been reported to modulate release of single vesicles in bovine chromaffin cells 

(Boyd et al., 2008). We here created a Munc18-1 Y337A mutant. 

To determine the functional effect of the Munc18-1 Y337A point mutation in a recon-

stituted membrane fusion assay, we compared this mutant with WT Munc18-1 and the 

gain of function mutant Munc18-1 P335A in an in vitro assay (Fig. 7A). All three constructs 

showed similar thermal unfolding temperatures demonstrating correct protein folding (Fig. 

7B). Giant unilamellar vesicles (GUVs) containing reconstituted Syntaxin-1 and PI(4,5)P2 

were preincubated with the Munc18-1 constructs, soluble SNAP-25 and small unilamellar 

vesicles (SUVs) containing Synaptotagmin1 (Syt1) and syb-2 and lipid mixing was measured 

by a fluorescence dequenching assay (Malsam et al., 2012). In this assay vesicle docking is 

mediated by Syt1 - PI(4,5)P2/SNARE interactions and SNARE complex assembly becomes a 

rate limiting step (de Wit et al., 2009; Parisotto et al., 2012; Kedar et al., 2015). Munc18-1 

mutants that further stabilize a closed conformation of syntaxin-1 would result in fusion 

inhibition. In contrast, Munc18-1 mutants that favour an open conformation of syntaxin-1 

and SNARE complex assembly would increase lipid mixing. In the case of Munc18-1 

WT and under the conditions chosen in this assay, the inhibitory and stimulatory func-

tions cancel each other and fusion kinetics are similar with and without Munc18-1 (Fig. 
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7C). As expected, Munc18-1 P335A, which contains an “open” helical hairpin conforma-

tion of domain 3a, profoundly stimulated SNARE complex assembly and lipid mixing (Fig. 

7C). Munc18-1 Y337A showed consistently a weak stimulatory effect, which however was 

less pronounced than that of the P335A. Similar results were obtained at higher Munc18 

concentrations (data not shown). 

When overexpressed in munc18-1 null chromaffin cells, we found a significant 

increase in total release and sustained release for the Y337A mutant compared to Munc18-1 

WT overexpression, while the burst size displayed a trend towards larger amplitude (Fig. 

8A, C-E; Total release: null mean=28.6fF±6.3fF, n=25; WT mean=330fF±29fF, n=24; Y337A 

mean=472fF±49fF, n=26, ANOVA: p<0.001; Tukey HSD: M18OE vs. Y337A p<0.05. 

Burst secretion: null mean=16.6fF±3.3fF, n=25; WT mean=196fF±23fF, n=24; Y337A 

mean=259fF±27fF, n=26; ANOVA: p<0.001; Tukey HSD: M18OE vs. Y337A p=0.07. 

Sustained secretion: null mean=12.1fF±6.6fF, n=25; WT mean=101fF±10fF, n=24; Y337A 

mean=160fF±22fF, n=26; ANOVA: p<0.001; Tukey HSD: M18OE vs. Y337A p<0.05). We 

did not detect any change in the release kinetics in cells expressing the Y337A mutant 

(τfast: WT Mean=18.5ms±2.4ms, n=22; Y337A mean=17.3ms±2.4ms, n=25; two-tailed 

Figure 7.  Munc18-1 P335A and Y337A are gain of functions mutants stimulating lipid mixing in a reconsti-
tuted SUV-GUV fusion assay. (A) Incubation scheme: syntaxin-1 GUVs (20 pmol syntaxin-1, 14 nmol lipid) 
containing PI(4,5)P2 (2 mol%) were preincubated in the absence or presence of the indicated Munc18-1 
constructs (42 pmol) for 30 min at room temperature. Soluble SNAP-25 (177 pmol) and Syt1/syb-2 SUVs 
(2.1 pmol Syt1, 7.5 pmol syb-2, 2.5 nmol lipid) were added and incubated for 10 min on ice to allow vesicle 
docking. Membrane fusion was measured in a final volume of 104 µL at 37°C. (B) Melting temperatures 
show that both mutants are correctly folded. (C) Lipid mixing was monitored by the increase in Atto488 fluo-
rescence for 30 min. Data were normalized to the maximum fluorescence after liposome lysis by detergent. 
Error bars indicate SEM. N=3.
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t-test: p=0.73. τslow: WT Mean=331ms±95ms, n=19; Y337A mean=196ms±52ms, n=20; 

two-tailed t-test: p=0.197), but we found that the RRP was significantly larger in the Y337A 

(WT Mean=91fF±10fF, n=22; Y337A mean=157fF±19, n=22; two-tailed t-test: p=0.006), 

whereas the SRP was unchanged (WT Mean=114fF±12fF, n=19; Y337A mean=93fF±11fF, 

n=23; two-tailed t-test: p=0.213). 

These data show that a mutation (Y337A) designed to destabilize the Munc18-1:closed-

syntaxin complex increases membrane fusion both in vitro and in vivo, indicating that dest-

abilization of the binary complex and extension of the helix 12 are both linked to vesicle 

priming.

4.3     Discussion:

For years, a mechanistic understanding of Munc18-1s stimulating role in neurotrans-

mitter release has been lacking. With the identification of the domain 3a as central for 

the post-docking role of Munc18-1, and with the reconstitution of Munc18-1 functions 

in vitro (Shen et al., 2007; Parisotto et al., 2012; Ma et al., 2013), this is finally starting to 

change. Here, we have tested a specific hypothesis regarding the function of Munc18-1s 

helix 12 in secretion. Using rescue experiments in munc18-1 null adrenal chromaffin cells, 

we found that the Munc18-1 mutant P335A, which promotes the extended state of the helix 

12, increased neurosecretion, whereas the mutations ∆324-339 and L348R – designed to 

remove the helical hairpin of helix 12, or to disrupt Munc18-1:Syb-2 binding – reduced 

fusion dramatically. The effect of the mutations were comparable with regard to the size of 

the standing primed vesicle pools and the sustained component of secretion (Fig. 5B), which 

indicates that the forward priming rate was mainly affected. The mutations that were delete-

rious to secretion (L348R, ∆324-339) nevertheless rescued the syntaxin-1 levels comparable 

to the Munc18-1 WT, whereas the gain-of-function P335A mutant resulted in suboptimal 

syntaxin-1 targeting. Thus, the effects on exocytosis upon domain 3a mutations are not 

secondary to syntaxin-1 targeting, in agreement with previous data (Martin et al., 2013); on 

the contrary, the true effect of P335A on vesicle fusion might be underestimated because 

of the partial syntaxin-1 mistargeting. This might explain why the P335A mutant supports 

much more fusion in vitro than Y337A (Fig. 7), whereas the augmentation of cellular secre-

tion is more similar (Fig. 5 and 8). None of the mutations affected the kinetics of fusion 

from the primed vesicle pools, or the calcium-dependence of fusion, arguing against direct 

effects of the helix 12 downstream of priming (Zhang et al., 2015). Furthermore, vesicle 

docking – which can be upstream of or parallel to priming (Verhage and Sørensen, 2008) 

– was rescued by the mutations. Overall, our data pinpoint the effect of the mutations to 
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the forward priming rate, rather than to steps further upstream, or the unpriming rate. This 

adds in vivo support to the idea that structuring and extension of the helix 12 is important 

for vesicle fusion and further localizes this reaction to the vesicle priming step upstream 

of the slowly-releasable pool. This same step is supported by ubMunc13-2 in chromaffin 

cells (Man et al., 2015) and it is inhibited by mutations designed to interfere with N-ter-

minal assembly of the SNARE-complex (Sørensen et al., 2006; Walter et al., 2010). Overall, 

these data are consistent with the idea that Munc13-assisted opening of closed syntaxin-1 

still bound within Munc18-1 (Ma et al., 2013) leads to SNARE-complex assembly at this 

particular point in the exocytotic cascade. 

Previous data from PC12 cells showed that deletions/insertions/mutations in the helix 

12 inhibited Ca2+-triggered release (Han et al., 2013; Martin et al., 2013; Han et al., 2014), 

in agreement with our data. In contrast to PC12 cells (Martin et al., 2013; Han et al., 2014), 

the P335A mutation produced a substantial enhancement of secretion in adrenal chro-

maffin cells. The clearer effect of this mutation in our work might originate from the fact 

that we induced maximal priming by increasing pre-flash [Ca2+]i (Voets, 2000) to obtain a 

larger primed pool. Furthermore, assessment of the primed vesicle pool requires stimulation 

and measurements to be much faster than replenishment, which is most easily achieved 

using Ca2+ uncaging as a stimulus and capacitance measurements as a read-out, whereas 

biochemical release assays are too slow to clearly distinguish the primed pool.

Previous studies indicated that an N-terminal assembly step drives vesicle priming, 

whereas vesicle fusion is driven by assembly of the C-terminal end of the SNARE-bundle 

(Sørensen et al., 2006; Walter et al., 2010; Gao et al., 2012), followed by zippering up 

of the juxtamembrane and transmembrane domains, eventually forming the post-fusion 

SNARE-complex (Stein et al., 2009). Using cross-linking and NMR, an interaction site 

between Munc18-1 and syb-2 was mapped to the C-terminal end of the SNARE motif and 

the juxtamembrane linker region of syb-2 [amino acids 87-91 or 75-95, respectively, (Xu 

et al., 2010)]. In the same area, NMR-studies employing a lipid environment identified 

the second of two transiently forming helixes (amino acids 77-88) (Ellena et al., 2009). If 

Munc18-1s helix 12 participated in a rate-limiting step during final zippering, for instance 

by structuring the C-terminal syb2 helix during fusion itself, or by transducing mechanical 

force from the SNAREs to the lipid bilayer (Xu et al., 2010), we would have expected to 

identify kinetic changes of our mutations. However, this was not observed. Instead, we 

propose that Munc18-1 dislodges synaptobrevin-2 from the membrane, thereby making 

it available for initial N-terminal contacts with its partner SNAREs (Parisotto et al., 2014). 

Previous mutagenesis studies in synaptobrevin-2 have revealed a large effect on vesicle 

priming by insertion of additional linkers between the SNARE-motif and the transmem-

brane domain (Kesavan et al., 2007), identifying this area as important for priming. The 

suggested model is further supported by the observation that the SNARE:SNARE interactions 
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and Munc18-1 binding synergizes to stimulate vesicle docking in the SUV:GUV assay (Pari-

sotto et al., 2012). In addition, Munc18-1 might help structuring the N-terminal transient 

helix in syb-2, which serves as a trigger site for SNARE-complex assembly (Ellena et al., 

2009; Walter et al., 2010), as well as the t-SNARE complex (Ma et al., 2015). This idea is 

supported by two recent structures of the SM-protein Vps33 bound to the native Qa- and 

R-SNAREs, Vamp3 and Nyv1, respectively (Baker et al., 2015). When combined, the two 

structures show the domain 3a helical hairpin extending along the N-terminal half of both 

SNARE domains, possibly forming a template for N-terminal SNARE-complex formation. 

Another mutation in the helix 12 of the 3a-domain, Y337A, also led to a gain-of-func-

tion phenotype in chromaffin cells (Fig. 8). The rationale for the mutation was to probe the 

Figure 8. Release is increased in the Munc18-1 Y337A mutant when expressed in munc18-1 null cells. 
(A) Mean traces of all cells (for n, see panels B-E) for [Ca2+]i (top panel), ΔCm (middle panel), and amper-
ometric current and charge (bottom panel). Measurements are from munc18-1 null (grey), null cells with 
Munc18-1 WT OE (black), or Munc18-1 Y337A (blue). (B) No difference between WT OE and Y337A OE 
pre-flash [Ca2+]i, ANOVA: p=0.95. (C) burst sizes (ΔCm at 0.5 s after flash) (D) total release (ΔCm at 5 s 
after flash) and (E) sustained release (ΔCm at 5 s- ΔCm at 0.5 s). Total and sustained release was signifi-
cantly higher in the Y337A than in the Munc18-1 WT. #p=0.07, *p<0.05, **p<0.01, ***p<0.001; Tukey HSD 
test following ANOVA.
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assumed H-bond to N137 in syntaxin-1, which might counteract the ability of the helix 

12 to undergo extension and stabilize the Munc18-1:syntaxin dimer. The gain-of-function 

phenotype seen is in agreement with this notion. Even though the increase in secretion 

was numerically small, it correlated with a slight, but significant, increase in the stimu-

latory function of Munc18-1 in the in vitro assay. Thus, helix-extension and opening-up 

of syntaxin-1 might be inseparable events. This is also indicated by the reduced rescue of 

syntaxin-1 targeting by the P335A mutation, where the helix is permanently extended and 

the closed syntaxin-1:Munc18-1 complex is therefore destabilized. When comparing the 

P335A and Y337A mutants, the former stimulated the burst phase more than the sustained 

phase (ratio between factor-increase of burst and sustained phases, 1.77), whereas the oppo-

site was the case for Y337A (ratio 0.55). Although we should proceed with caution when 

mutants were not compared experimentally side-by-side, this is consistent with an increase 

in unpriming rate in the Y337A mutant relative to the P335A. In both cases, the priming rate 

is increased even more, leading to more net priming at steady state. This difference between 

the mutations makes sense if we assume that the extension of the helical hairpin coincides 

with priming and the retraction of the helix represents unpriming. In the P335A the helix 

might no longer retract as easily, leading to lower unpriming rates, whereas in the Y337A 

due to the impaired interaction with closed syntaxin-1 both retraction and extension is still 

possible – and might be facilitated.

Overall, our data are consistent with the hypothesis outlined in the Introduction 

implying that Munc18-1 can extend its helix 12 as a template for SNARE-complex assembly. 

For successful vesicle priming, we therefore need the 3a domain of Munc18-1, N-terminal 

SNARE assembly (Walter et al., 2010), the very N-terminal end of syntaxin-1 (Shen et al., 

2010; Zhou et al., 2013), and a Munc13 protein (Ma et al., 2015) – in the case of chro-

maffin cells, ubMunc13-2 (Man et al., 2015). Finally, synaptotagmin-1 (Nagy et al., 2006) 

and CAPS are required for the transition between the SRP and RRP state (Liu et al., 2010), 

although the relative importance of CAPS binding to PI(4,5)P2 and SNAREs is currently 

under discussion (Khodthong et al., 2011; Nguyen Truong et al., 2014). Overall, the opening 

of syntaxin-1 within Munc18-1 by the extension of helix 12 appears to be the central event, 

which is regulated by other factors, including Munc13-proteins, in a fashion, which has yet 

to be unraveled.
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4.4     Materials and Methods: 

DNA constructs and protein purification for in vitro studies 

The following constructs were used: SNAP-25: The DNA construct (pFP247) encoding His6-
tagged SNAP-25 and the protein purification were described previously (Schollmeier et al., 2011). 
Syntaxin-1A: A full length His6-tagged rat syntaxin-1 (encoded by pYS2) was expressed and purified 
as described previously (Schollmeier et al., 2011) with the following modifications: (i) recombinant 
protein expression was induced at 25°C for 4h instead of 16°C overnight, (ii) His6-tagged syntaxin-1 
was incubated over night with 3 ml Ni- NTA Agarose beads (Qiagen) with a continuous flowrate 
of 0.5 ml/min, (iii) 1.5% (w/v) sodium cholate hydrate (Sigma) was used instead of 1% (w/v) Triton 
X-100 in the washing steps and (iv) the His6-tagged protein was eluted with an imidazole gradient in 
the presence of 400 mM KCl. Syb-2/VAMP2: His6-tagged VAMP2 (encoded by pTW2) was expressed 
as previously described (Weber et al., 1998; Malsam et al., 2012). Synaptotagmin: Rat Syt1 lacking 
the lumenal domain (encoded by pLM6) was expressed and purified as described previously (Mahal 
et al., 2002; Malsam et al., 2012). Munc18-1: DNA constructs encoding GST Munc18-1 wt and 
P335A (pDP2) fusion proteins were described previously (Parisotto et al., 2014). The Munc18-1 
Y337A mutant was generated using Quickchange DNA mutagenesis (Qiagen) with the following 
primers: (i) forward 5’-CTGAAGAAAATGCCCCAGGCCCAGAAGGAGCTCAGCAA-3’ (ii) reverse 5’- 
TTGCTGAGCTCCTTCTGGGCCTGGGGCATTTTCTTCAG-3’. The resulting DNA construct (pTB5) 
was sequenced at GATC Biotech (sequencing primer forward (5’-CTGCTGCCTATTGAAAATG-3’) 
and reverse (5’- CATTTTCAATAGGCAGCAG-3’)) to ensure sequence integrity. Munc18-1 proteins 
were purified as described previously (Parisotto et al., 2014) with the following modifications: (i) 
200 mM KCl instead of 135 mM KCl was used during all purification steps and (ii) the buffers did 
not contain 10 mM methionine. 

Preparation of proteoliposomes

Proteoliposomes were prepared as described previously (Malsam et al., 2012) with the following 
modification: the fluorophores Rhodamine-DPPE (N-(lissamine rhodamine B sulfonyl)1,2-dipalmi-
toyl phosphatidylethanolamine) and NBD-DPPE (N-(7-nitro-2,1,3-benzoxadiaziole-4-yl)-1,2-dipal-
mitoyl phosphatidylethanolamine) were replaced by 0.5 mol% of Atto488-DPPE (Atto-Tec) and 0.5 
mol% of Atto550-DPPE (Atto-Tec). 

Preparation of Syntaxin-GUVs 

GUVs containing syntaxin-1 were prepared as described previously (Malsam et al., 2012) with 
three modifications: (i) Pt-coated glass slides (GeSIM mbH) were used instead of ITO-coated glass 
slides, (ii) a buffer containing 0.5 mM EPPS-KOH pH 7.4 and 0.5% glycerol was used for the drying 
of the liposomes and (iii) for the swelling reaction 2.5 V were applied for 1 h.

In vitro fusion assay

The SUV/GUV fusion assay was performed and analyzed as described previously (Malsam et 
al., 2012; Parisotto et al., 2012; Parisotto et al., 2014). Briefly, syntaxin-1 GUVs (14 nmol lipid with 
a syntaxin 1:lipid ratio of 1:700) were preincubated in the absence or presence of either Munc18-1 
wild type, or Munc18-1 Y337A, or Munc18-1 P335A for 30 min at room temperature. Subsequently, 
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SNAP-25 (1.7 μM) and syb- 2/Synaptotagmin SUVs (2.5 nmol lipid with a syb-2:lipid ratio of 1:330 
and a synaptotagmin-1:lipid ratio of 1:1180) were added on ice in a total volume of 100 μl and 
docking was performed by a 10 min preincubation on ice. Atto 488 fluorescence was monitored at 
37°C in a Synergy 4 plate reader (BioTek Instruments GmbH, filter wheel settings: excitation 485/20 
nm, emission 525/20 nm) at intervals of 10 s for a total of 30 min. The fusion signal was normalized 
to the signal after the addition of 20 μL 5% (w/v) sodium dodecyl sulfate (SDS) and 5% (w/v) n-Do-
decyl-β-D-Maltoside (DDM) and by subtraction of a negative control experiment performed in the 
presence of the syb-2 cytoplasmic domain. 

Mouse line, cell culture, constructs and, virus 

Munc18-1 null mice of either sex (Verhage et al., 2000) were obtained by crossing Munc18-1 
heterozygotes and recovered by cesarean section at embryonic day 18 (E18). Chromaffin cells were 
isolated from adrenal glands and cultured as previously described (Sorensen et al., 2003b). We 
introduced wildtype (WT) or mutated Munc18-1 with Semliki Forest Virus (SFV). WT Munc18-1 
and mutants were expressed from a bicistronic message containing a ribosomal entry site (IRES) and 
EGFP as expression control. Mutations were introduced by overlapping primers and all constructs 
were sequenced before use. The cells were exposed to the activated virus after 48-96 hours of incu-
bation and allowed to express the protein for 6-8 hours before measurements.

Electrophysiological recordings

Transfected cells were placed on the stage of a Zeiss Axiovert 10 microscope (Carl Zeiss, 
Inc.) and expressing cells were identified by green fluorescent response to 475 nm illumination by 
a monochromator (Polychrome IV, TILL Photonics). Amperometry measurements were performed 
with 5-μm-diameter polyethylene insulated carbon fibers (Thornel P-650/42; Cytec) (Bruns, 2004). 
Fibers were pressed gently against the cell while a constant voltage of 700 mV was applied. Currents 
were amplified by an EPC-7 amplifier (HEKA Elektronik, Lamprecht/Pfalz, Germany), filtered at 
2.9 kHz, and sampled at 11.5 kHz through an auxilliary input channel of the EPC-9 patch-clamp 
amplifier. Cell membrane capacitance was measured simultaneously by the whole-cell patch-clamp 
technique as described by Lindau and Neher (Lindau and Neher, 1988). Pulse Software (v 8.53) and 
an EPC-9 amplifier (HEKA Elektronik, Lamprecht/Pfalz, Germany) were used in “sine+dc” mode 
to record and inject currents. Currents were filtered at 3 kHz and sampled at 11.5 kHz. Secretion 
was stimulated by UV photolysis of the Ca2+ cage nitrophenyl-EGTA by using UV light from a UV 
flash lamp (JML-C2; Rapp Optoelectronics) or during the “Ramp” protocol the monochromator was 
utilized for slow gradual Ca2+-uncaging; both were controlled by the Pulse Software and triggered by 
the EPC-9 amplifier. Ca2+ uncaging and measurements were conducted using a Fluar 40X objective 
(Zeiss). Fura dyes were excited alternatingly at 350 and 380 nm. Emitted light was detected by a 
photo diode (Till Photonics) in an area around the cell defined by a View Finder (Till Photonics). The 
output of the photo diode was connected to an auxiliary input channel on the EPC-9 amplifier. The 
signal was filtered at 3 kHz and sampled at 11.5 kHz. The Ca2+-concentration was measured with a 
mixture of a high and a low affinity Fura dyes (fura-4 and furaptra) as described by (Voets, 2000). The 
free Ca2+-concentrations of calibration solutions were calculated using a custom-written macro for 
IGOR Pro macro for IGOR Pro (Wavemetrics), assuming a KD of 0.222 μM for BAPTA and of 80 μM 
for DPTA while taking into account the additional buffering of Ca2+ by the dyes, nitrophenyl-EGTA, 
and ATP. The fluorescence signal was calibrated by performing patch-clamp on chromaffin cells 
with 7 or 8 different calibration solutions. For measurements, the patch pipette solution contained 
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(in mM) 100 Cs-glutamate, 8 NaCl, 4 CaCl2, 32 HEPES, 2 Mg-ATP, 0.3 NaGTP, 5 nitrophenyl-EGTA, 
1 ascorbic acid, 0.4 fura-4f (Invitrogen), 0.4 furaptra (Invitrogen), adjusted to pH 7.2 with CsOH. 

For kinetic analysis of capacitance traces a triple exponential function was fitted to individual 
traces using a custom-written macro in IGOR Pro (Wavements) as explained before (Sorensen et al., 
2003a; Mohrmann et al., 2013). The amplitude associated with the fastest time constant (τ < 80 ms) 
is denoted the ‘fast burst’, whereas the amplitude associated with the intermediate time constant (τ 
> 80 ms) is denoted the ‘slow burst’. The third (i.e. the slowest) exponential is required to correct for 
the sustained component. Since the sustained component in some cells is more-or-less linear (i.e. 
the time constant is as long as or longer than the measurement time), the time constant and ampli-
tude of this exponential are not informative and were not used directly. Instead, the linear rate of 
the secretion at later times (> 1s) was calculated; this is the ‘sustained component’. In some cells a 
single exponential component was sufficient to fit the burst; this component was then assigned as a 
‘fast’ or a ‘slow’ burst based on the fitted time constant, and the amplitude of the other component 
was set to zero.

Immunocytochemistry and confocal imaging

Chromaffin cells from WT or munc18-1 null mice expressing the different constructs for 6 h 
were fixed with 4% paraformaldehyde (PFA) at DIV3. The cells were permeabilized by 5 min incuba-
tion in phosphate buffered saline (PBS) containing 0.5% Triton X-100. To block nonspecific binding, 
the cells were incubated for 30 min in PBS containing 0.1% Triton X-100 and 2% normal goat 
serum. All antibodies were diluted in this solution. The cells were incubated in the primary antibody 
solution (anti-Munc18 (Verhage lab) or anti-Syntaxin (I379, kind gift from the Südhof lab)) for 1 h at 
room temperature (RT). After washing 3 times with PBS for 10 min, the cells were incubated in the 
secondary antibody solution (Goat anti-Rabbit Alexa 546, Molecular Probes) for 1 h at RT. The cells 
were washed 3 times in PBS and mounted on microscopy slides with Mowiol in preparation for the 
confocal microscopy. Chromaffin cells were imaged with a 63x plan neofluor lens (numerical aper-
ture 1.4, Carl Zeiss) on a Zeiss 510 Meta Confocal Microscope. An additional zoom factor of 5 was 
applied and the images were acquired with a frame size of 1024x1024 pixels. A single image of the 
equatorial plane of the chromaffin cells was acquired. Fluorescence levels were quantified in ImageJ 
(NIH, www.imagej.nih.gov), Syntaxin redistribution was quantified in ImageJ using the PlasMACC 
plugin (Kurps et al., 2014).

Electron microscopy

Chromaffin cells were fixed on DIV3 using aldehyde fixation protocol with 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.4) for 1 h and subsequently washed with 0.1 M cacodylate 
buffer (pH 7.4). Due to cell detachment in high-pressure freezing/freeze substitution (HPF/FS) proto-
cols, HPF/FS could not be applied. Since a side-by-side comparison between aldehyde fixation and 
HPF/FS on LDCV docking revealed no differences in conclusions (de Wit et al., 2009), we relied 
on chemical fixation in this study. Post-fixation was done for 1.5 h using 1% Osmium tetroxide and 
1% Ruthenium tetroxide mixture in 0.1 M cacodylate buffer. Dehydration using series of ethanol 
concentration (30% to 100%) was carried out before embedding in EPON and polymerized at least 
for 15 h at 65°C. The cover slip was removed from EPON resin by alternatively dipping into liquid 
nitrogen and hot water. On flat EPON surface region with high cell density monolayer was selected, 
cut and mounted on pre-polymerized EPON blocks for thin sectioning. Ultra thin sections (~90 nm) 
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were collected on single-slot, formvar-coated copper grids, and stained with uranyl acetate and lead 
citrate. JEOL 1010 transmission electron microscope was used for high-resolution imaging. Vesicle 
membrane attached to the plasma membrane was considered as docked vesicles. Infected cell was 
identified based on presence of SFV (droplet shape with dense core) on the plasma membrane. 
Distance measurements were carried out using 10000X or 30000X magnification images on iTEM 
software (EMSIS).

Statistics

For the analysis of EM-data multilevel comparison was used (Aarts et al., 2014). In other exper-
iments, when more than two groups were compared we used one-way ANOVA, followed by appro-
priate post-hoc tests corrected for multiple comparisons to locate significant difference between 
any two groups. When comparing two groups, we used two-tailed t-test. The level of significance is 
symbolized with * (p<0.05), ** (p<0.01) and *** (p <0.001).
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Abstract

Secretory vesicle docking in neuroendocrine cells is best analysed by transmission 

electron microscopy (TEM) due to its superior resolution as compared to other microscopy 

techniques. However, the time required for TEM sample preparation and inability to check 

the quality of samples during the preparation, make TEM ill-suited for screening a large 

number of samples. Sample preparation for super-resolution light microscopy method is 

better suited, but it is unknown whether such methods are sensitive enough for secretory 

vesicle docking analysis. Here, we tested 3D-Structured Illumination Microscopy (3D-SIM) 

as a quick and reliable tool to estimate docking impairments in chromaffin cells of wild type 

and syt1 null mice that were previously, using TEM, shown to have a docking defect. We 

analysed docking in 3D-SIM images through two colocalization analysis plugins that run on 

either ImageJ or MATLAB platform. We found that 3D-SIM images of syt1 null chromaffin 

cells show a significant decrease in secretory vesicle localization to the plasma membrane 

(PM) area, indicative of a docking disparity. Although the effect size of the Syt1 deletion on 

docking by 3D-SIM analysis is considerably smaller than reported by TEM, our data suggest 

that 3D-SIM can be used as a screening method for docking phenotypes in chromaffin cells.  
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5.1     Introduction: 

Calcium-triggered fusion of vesicles with PM is an important mechanism in neurons 

and neuroendocrine cells such as mouse chromaffin cells. Prior to fusion, secretory vesicles 

go through several steps to dock the vesicle to the site of secretion and gain fusion compe-

tence (priming) (see review Verhage & Sørensen, 2008) (de Wit et al., 2009; Mohrmann et 

al., 2013; Sørensen et al., 2006; Toonen et al., 2006b). The definition of docking varies in 

literature and depends on the method used for analysis (see below). Our lab and others 

have defined docked vesicles as those vesicles that are attached to the PM (in chromaffin 

cells) or the active zone (in neurons) without an observable distance between the vesicular 

membrane and PM by transmission electron microscopy (TEM) of aldehyde-fixed samples 

(see review Verhage & Sørensen, 2008) (de Wit et al., 2006; Toonen et al., 2006b; Voets 

et al., 2001b). Recent publications that have used cryo-fixation methods have challenged 

the definition of docking, suggesting that docking should be redefined as the morpholog-

ical equivalent of priming in neurons (Imig et al., 2014; Murthy et al., 2001), however, in 

neuroendocrine cells a distinct docked vesicle pool is observed regardless of the fixation 

method (de Wit et al., 2009; Man et al., 2015).

Docking can be analyzed only by few available techniques. First, the total internal 

reflection fluorescence (TIRF) microscopy is used to analyze docking in live cells (Degtyar et 

al., 2007; Nofal et al., 2007). The movement of vesicles can be analyzed and some proteins 

like Munc18-1 and Syntaxin1 when absent have been found to affect dwell time (Toonen et 

al., 2006b). Nevertheless, bleaching limits the access to the accuracy of the dwell time of 

steady secretory vesicles. Second, the PM sheets are more reduced preparation to analyze 

docking and secretion; here cells are sonicated to burst open into flat sheets of membrane. 

The advantage of this approach is that no specialized equipment (such as TIRFMs or TEMs) 

is required and can be easily accessed from the "cytosol side" to test different components/

conditions. The disadvantage of this method is the low number of observations per culture 

[approx. 100 successful membrane sheets generated per 50,000 cells, (Lang, 2003)]. Hence, 

either cell lines or cells obtained from large tissue culture (such as bovine adrenals) are 

suitable for this approach (Lang, 2003). Also, it is difficult to measure actual distance of 

vesicles from the membrane. In addition, whether the spots are indeed vesicles is difficult to 

confirm. Intrinsic to this method is the loss of the cytoplasmic content resulting into a loss 

of information on e.g. the initial cell quality and the total pool of secretory vesicles. Third, 

transmission electron microscopy (TEM), due to its high resolution (<1nm), gives direct and 

substantial evidence of docking in fixed cells (Table No. 1, Reist et al., 1998; Toonen et al., 

2006b; Voets et al., 2001b). Yet, it is very time-consuming, restricted to fixed specimens and 

low throughput (Fig. 1). Furthermore, the quality of the sample cannot be checked during 

TEM imaging. Hence, considerable work is also invested in samples that are not suitable for 
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analysis. Due to limited throughput, TEM cannot be used for screening a large number of 

mutants that might have a role in docking.

To eliminate some of the limitations of TEM, we investigated the potential of a light-mi-

croscopy-based screening method that would allow a higher throughput docking analysis. 

Ernst Karl Abbe in the 19th century found that the diffraction of light limits the spatial reso-

lution of optical microscopy (Abbe, 1873). Hence, resolution of optical microscopy (both 

lateral and axial) is limited due to the wavelength of light. In a typical confocal microscope, 

highest lateral resolution achieved is a 250nm and axial resolution about 750nm, which is 

not sufficient to analyze secretory vesicle docking in neuroendocrine cells (Secretory vesi-

cles are about 100-200 nm in diameter, Table 1). Recently, improvements have been made 

which surpasses Abbe’s limit and these super-resolution microscopy techniques such as 

Stimulated Emission Depletion (STED) microscopy, 3D-SIM, Stochastic Optical Reconstruc-

tion Microscopy (STORM) and Photoactivated Localization Microscopy (PALM) are highly 

promising because of their improved lateral as well as axial resolution (Bates et al., 2008; 

Revelo et al., 2014) (See reviews Gustafsson, 2000; Jost & Heintzmann, 2013; Lakadamyali 

& Pia, 2015; Lang & Rizzoli, 2010; Saka & Rizzoli, 2012). For the current study, 3D-SIM 

is more promising not only due to its improved lateral resolution but also axial resolution, 

which is considerably better than other microscopy techniques (Table 1). More importantly, 

sample processing is quick, simple and does not require special reporter molecules, making 

it a suitable screening method. On the other hand, unlike neuroendocrine cells, 3D-SIM 

Figure 1. The workflow for TEM and 3D-SIM for docking analysis in chromaffin cells. (A) chromaffin cells 
are obtained from E18 mouse embryos and kept for three days in culture before preparation for (B) electron 
microscopy requiring embedding, sectioning and analysis and (C) 3D-SIM imaging directly on immunos-
tained cells. (D) An estimate of the time needed to complete docking analysis by each method.
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imaging may not be suitable for synaptic vesicle docking analysis due to the smaller size of 

synaptic vesicles i.e. 30nm (Fig. 2). 

3D-SIM utilizes diffracted light by superposing patterned light (known structure) onto 

the fluorescent sample (unknown structure) (see review Gustafsson, 2000). This patterned 

light is result of gratings that produce Moiré fringes. By using a specialized algorithm, lateral 

and axial point spread function can be improved resulting in enhancement of resolution by 

a factor of two as compared to confocal microscopy (see reviews Gustafsson, 2000; Saxena 

et al., 2013) (Schermelleh et al., 2008). In addition to improved resolution, sample prepa-

ration is straightforward, and fluorescent tags used for conventional confocal microscopy 

can be used in 3D-SIM imaging. Hence, 1-2 days of 3D-SIM compared to 1-2 weeks of TEM 

sample preparation saves a considerable amount of time and allows screening of multiple 

mutants for a possible effect on vesicle docking. 

Several proteins like Syt1, Munc18-1, CAPS-1/2, Munc13-1, and Complexins are 

required for secretion along with SNARE proteins (Ann et al., 1997; Augustin et al., 1999; 

Geppert et al., 1994; McMahon et al., 1995; Verhage et al., 2000). Importantly, SNAP-25, 

Syntaxin, Syt1, and Munc18-1 are known to be involved in the docking step of the secretory 

vesicle from TEM analysis and form minimal docking machinery in neuroendocrine cells (de 

Wit et al., 2009, 2006; Voets et al., 2001b). 

In this study, we aim to use the 3D-SIM technique to estimate secretory vesicle docking 

phenotypes in chromaffin cells. We used mouse chromaffin cells from wild type or syt1 

Figure 2. The strategy of analyzing docking using 3D-SIM images. The concept of using point spread func-
tion (PSF) as a way to quantify colocalization. Yellow color indicates overlap in red and green fluorescence 
[PSF of green (100nm) and red (110nm) fluorescence is to the scale]. Secretory vesicle (SV) showed as a 
red circle.
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null mouse model littermates which previously showed a significant reduction in secretory 

vesicle docking by electron microscopy (de Wit et al., 2009; Kedar et al., 2015). Two tools, a 

custom-written plugin by the Rizzoli lab and PlasMACC plugin by Kurps et al. (2014), were 

utilized to quantify docking in 3D-SIM generated images by comparing co-localization in 

between secretory vesicle (ChromograninB) and PM protein (SNAP-25) marker using the 

Pearson’s correlation coefficient (r) method. We found that both tools detected a reduction 

in co-localization of the secretory vesicle and PM protein marker in syt1 null as compared 

to wild type chromaffin cells. We conclude that 3D-SIM can be used to screen for docking 

effects in neuroendocrine cells, thereby reducing the workload of the canonical TEM anal-

ysis.

Figure 3. The approach of the MATLAB and PlasMACC plugin to analyse colocalization at the PM in chro-
maffin cells. (A) The MATLAB plugin defines 16 perpendicular ROIs (3x15 pixels each) in the PM area 
(black circle) of the chromaffin cell for colocalization analysis. The image of the cell was rotated manually 
45-degree to cover maximum area of cell periphery. (B) PlasMACC utilizes a polar transformation of the 
image of round cells by 360-degree increments, generating a rectangular image of the chromaffin cell.

Colocalization is analyzed in a rectangular ROI (360 x 50±10 pixels) of the entire PM.
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Figure 4. Docking is significantly reduced in syt1 null condition as compared to wild type condition. (A, B.) 
Typical example electron micrographs of wild type and syt1 null chromaffin cells (scale bar indicates 2um). 
Higher magnification of (C) wild type and (D) syt1 null show the docked vesicles (arrows, scale bar indi-
cates 200nm). Quantitative analysis of (E) total and (F) docked number of vesicles per cell cross section in 
wild type and syt1 null conditions (graph indicates a number of cells and pups). (Unpaired Student t-test, 
***p<0.001)
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5.2     Results: 

Docked vesicles are defined as those vesicles that have no noticeable gap between the 

vesicular and PM of neuroendocrine cells in TEM. Before analyzing docking with 3D-SIM 

imaging, we verified reduction of docked pool of vesicles in syt1 null mouse chromaffin 

cells by electron microscopy (Fig. 4A-D). We verified that the total number of vesicles per 

section was unaffected (Fig. 4E, wild type= 116±8 and syt1 null= 123±7 vesicles per section, 

mean±SEM) and that a significant reduction in docked secretory vesicles per section in syt1 

null chromaffin cells was found as compared to wild type chromaffin cells (Fig. 4C and 

D, docked vesicles indicated by the arrows; Fig. 4F, wild type= 27±2 and syt1 null= 11±1 

docked vesicles per section, mean±SEM, wild type vs syt1 null Student’s t-test p = 1.4E-06, 

one-way ANOVA: p = 2.0E-06). These data show that the docked pool was reduced by 56% 

in syt1 null chromaffin cells. 

To analyze docking in 3D-SIM images, we used ChromograninB and SNAP25 as vesic-

ular and PM marker, respectively, followed by calculating correlation (Pearson's r) between 

both markers (Fig. 5A and 5B; Fig. 2). Chromaffin cells analysed by the MATLAB plugin 

showed a significant drop in the correlation of secretory vesicle and membrane protein 

marker in syt1 null condition as compared to wild type (Fig. 5A,B,E; wild type Pearson corre-

lation= 0.56±0.03 and syt1 null Pearson correlation= 0.42±0.03, mean±SEM, wild type vs 

syt1 null Student’s t-test p = 0.004, one-way ANOVA: p = 0.008). The colocalization of the 

vesicle marker with the PM marker was reduced by 23% in syt1 null cells in the MATLAB 

analysis. 

We recently developed a plugin to specifically analyze PM vents in chromaffin 

cells (PlasMACC; Kurps et al., 2014). 3D-SIM image analysis by PlasMACC plugin also 

showed significant reduction in correlation of vesicle and PM marker in syt1 null condition 

compared to wild type (Fig. 5A,B,F, wild type Pearson correlation= 0.60±0.02 and syt1 null 

Pearson correlation= 0.41±0.03, mean±SEM, wild type vs syt1 null Student’s t-test p = 1.5E-

05, one-way ANOVA: p = 0.2E-04). By this analysis a 32% reduction of overlap between vesi-

cles and the PM was detected in syt1 null cells, indicating that PlasMACC is highly sensitive 

to analyze differences in secretory vesicle docking. 

Our data shows that 3D-SIM images, analysed by both the colocalization plugins, 

reported a significant reduction in co-localization of vesicle and PM marker in syt1 null 

chromaffin cells. Importantly, PlasMACC resulted in a stronger significant difference in 

Pearson correlation values as compared to the MATLAB plugin. We conclude that 3D-SIM 

imaging is suitable to identify potential differences in secretory vesicle docking and can be 

used for selection or optimization of potential mutants before investing labor-intensive and 

time-consuming docking analysis using electron microscopy. 
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Figure 5. 3D-SIM generated images of syt1 null chromaffin cells show a significant decrease in secretory 
vesicle localization to the PM area. (A) wild type and (B) syt1 null chromaffin cells stained with Chromog-
raninB and SNAP25 as secretory vesicle and PM marker, respectively (scale bar 2um). Higher magnifica-
tion images of (C) wild type and (D) syt1 null chromaffin cells (scale bar 200nm). Quantification of colocal-
ization by Pearson’s correlation coefficient “r” using (E) MATLAB plugin and (F) PlasMACC plugin. A total 
number of embryos and cells analyzed is indicated in the graph. (Unpaired Student t-test, ***p<0.001)
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Table 1: Details of wavelength based dimensions of different optical microscopy techniques 

(Schermelleh et al., 2010)

Microscopy 
Technique

Wavelength 
(nm)

Dimension
X,Y axis (nm)

Dimension
Z axis (nm)

Dimension
Voxel (*10-3 

μm3)

CLSM 460-670 180-250 500-700 10-23

STED 670 60 700 1.3

CW-STED 520 70 560 1.5

620 130 340 3.0

3D-SIM 520 110 280 1.8

460 100 250 1.3

PALM 670 30 140 0.1

STORM 520 30 140 0.1

TEM 1.23 
(DeBroglie 
wavelength)

0.3 
(80kV, tung-

sten filament)

90nm 
(Depends on 
section thick-

ness)

2.0 (9900x)
0.7 (16,500x)
0.5 (20500x)
(FEI Tecnai™)

5 .3     Discussion

A significant reduction in co-localization of vesicle and PM markers in syt1 null chro-

maffin cells was detected by using 3D-SIM analysis technique. Overall the effect size differ-

ence observed for TEM, PlasMACC and MATLAB plugin was 56%, 32%, and 23%, respec-

tively. The difference in PlasMACC and MATLAB generated data might be related to the larger 

coverage of PM area by PlasMACC in which secretory vesicle colocalization is analysed. 

Though little less sensitive (see below), the difference found through 3D-SIM images corre-

sponds well with TEM data, the canonical method for docking analysis. Therefore, 3D-SIM 

is a promising quick technique to screen docking phenotypes in a larger number of poten-

tially interesting experimental conditions before investing the required time and effort of 

docking analysis by TEM.

In addition to the benefits outlined above, there are other advantages of 3D-SIM 

imaging for docking analysis. Analyzing secretory vesicle docking in the whole cell gains 

additional information using 3D-SIM. To achieve a similar dataset with TEM would be a 
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painstaking procedure, limited only to a few typical examples. However, one drawback 

associated with 3D-SIM is the requirement of fluorescent labeling/immunostain to visualize 

the structures of interest. Secretory vesicles mature and can change in composition over 

time. ChromograninB is a well-established secretory vesicle marker present in immature 

and mature secretory vesicle (Domínguez et al., 2012) but, as for any antibody-based assay, 

not all epitopes will be labeled thereby potentially excluding secretory vesicles from anal-

ysis. Additionally, the most important issue at hand is, when close together, not all secretory 

vesicles are visible as individual vesicles in 3D-SIM. These vesicles will appear as one larger 

labelled structure that does not contribute proportionally to the colocalization measure-

ment. In TEM, no antibody labelling is required, and all vesicles in ultrathin slice will be 

readily identifiable. Together, this could contribute to the lower effect size of the Syt1 dele-

tion on vesicle docking as analysed by 3D-SIM compared to TEM.

The single molecule localization microscopy techniques, such as PALM and STORM 

have a clear advantage over 3D-SIM as far as the resolution is concerned (Table No. 1). 

However, from a technical point of view, these techniques are more sophisticated than 

3D-SIM. As a probe, PALM and STORM both need photo-activatable proteins (e.g. PA-GFP) 

and photo-switchable dyes (e.g. Cy-3/5), respectively. They also need post-acquisition 

processing and the acquisition time is longer (minutes) as compared to 3D-SIM (seconds) 

(Thorley et al., 2014). In future, given the fact that suitable fused protein is used (in our 

case e.g. Synaptobrevin-PA-GFP and SNAP25-PA-Cherry), PALM can be used for docking 

analysis instead of TEM. Nevertheless, for quick screening method (without need to express 

photoactivatable proteins or photoswitchable dyes) 3D-SIM has been the most suited tech-

nique for docking analysis. 

Overall, we recommend both the MATLAB and PlasMACC plugin to screen for docking 

phenotypes, with PlasMACC being more sensitive to detect the docking defect in syt-1 null 

chromaffin cells. However, both plugins have their limitations. Manual selection of multiple 

sites and access to the limited region on cell periphery makes the MATLAB plugin suscep-

tible for user bias and the requirement of spherical cells limits the use of PlasMACC to 

round cells only. In the future, it will be advantageous to modify the MATLAB plugin as a 

completely automatic plugin and PlasMACC plugin to analyze cells of any shape. 
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5.4     Materials and Methods: 

Cell culture of chromaffin cells

Mouse chromaffin cells were obtained by isolating adrenal glands of wild type or syt1 null 
littermates (embryonic day 18) and cultured as described (Sørensen et al., 2003; de Wit et al., 2009). 

Structured Illumination Microscopy 

Chromaffin cells were fixed using 4% paraformaldehyde (Merck, Germany) in PBS (pH 7.4) 
for 1hr, permeabilized with 1% Triton X-100 in PBS for 5 min and blocked for 30 min with solution 
containing PBS, 2%NGS and 1% Triton X-100. Cells were then incubated with primary antibody 
[Monoclonal mouse anti-SNAP-25, 1:5000 (BioLegend Sternberger monoclonal antibodies, San 
Diego) or Polyclonal rabbit anti-ChromoganinB, 1:500 (Synaptic System, Germany)] for 1hr, washed 
and then incubated with secondary antibody (goat-anti-rabbit Alexa Fluor-546 and goat-anti-mouse 
Alexa Fluor-488, 1:1000, Sigma) for 1 hr. Cell fixation and staining procedure was carried out at 
room temperature. Coverslips (15mm in diameter) were mounted on glass slides using Mowiol 4-88 
(Aldrich). Zeiss Elyra PS1 LSM 780 structured illumination (3D-SIM) was used to acquire images. 
Using 63x 1.4 oil DIC, plan apo chromat objective lense and EMCCD camera Andor iXon DU 885, 
1002x1004 as detectors. Fluorescence intensity was calculated using Fiji open source software.

Analysis using Plugins

The MATLAB analysis plugin (kind gift from the Rizzoli lab) focused on acquiring correlation 
values of pixels [i.e. 3x15 pixel regions of interest (ROIs)] upon clicking specific region on stained 
cell periphery, which results in rectangle. It was possible to select only horizontal or vertical rectan-

gles on each 90-degrees of an angle on the cell periphery (x, y, -x and –y axis; ± 22.5-degree of 
an angle), which resulted in no measurements in between 90-degree of an angle (Figure 3). In this 
case only 50% of the cell periphery was covered. We rotated the cells by 45-degree clockwise 
to cover majority of the cell periphery quantification. To avoid exclusively selecting sites showing 

colocalization, we selected four ROIs randomly (± 22.5-degree of an angle on axis). Then cell was 
rotated 45-degrees as stated above and again four rectangles were selected randomly (Figure 3). 
After 45-degree rotation, most of the cell periphery area was covered for quantification (Figure 3). 
It is important to note that, as each rectangle only measures specific number of pixels, the final 
periphery area is not fully covered (4 rectangles X 4 sites X 2= 32 rectangles per cell). Once the 
quantification was done on all the cells, the co-localization data was obtained in separate text file. 
This text file contained Pearson correlation coefficient value for each rectangle.

The second tool, PlasMACC, developed for ImageJ or FIJI (an open source software, http://rsb.
info.nih.gov/ij/), utilizes the polar transformation of the image of round chromaffin cells, resulting in 
a rectangular image where the PM ROI appears as a straight line (Figure 3B, Kurps et al., 2014). After 
processing images through PlasMACC, the PM region was selected using rectangle tool of FIJI and 
same ROI was applied to secretory vesicle marker channel and then merged. Co-localization was 
measured using Coloc2 plugin available on FIJI and Pearson’s correlation coefficient was calculated. 
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Electron microscopy of cultured chromaffin cells

Cells were fixed with 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.4) for 1hr and 
subsequently washed with 0.1M cacodylate buffer (pH 7.4). Post-fixation was done for 1.5 hr using 
1% Osmium tetroxide and 1% Ruthenium tetroxide mixture in 0.1M cacodylate buffer. Dehydration 
using series of ethanol concentration (30% to 100%) was carried out before embedding in EPON 
and polymerized at least for 15hr at 650C. The cover slip was removed from EPON resin by alterna-
tively dipping into liquid nitrogen and hot water. On flat EPON surface region with high cell density 
monolayer was selected, cut and mounted on pre-polymerized EPON blocks for thin sectioning. 
Ultra-thin sections (~ 90 nm) were collected on single-slot, formvar-coated copper grids, and 
stained with uranyl acetate and lead citrate. Jeol 1010 transmission electron microscope was used 
for high-resolution imaging. Vesicle membrane attached to the PM with no measurable distance was 
considered as docked vesicles. Distance measurements were carried out using 10,000X or 30,000X 
magnification images on iTEM software (Olympus).

Statistics

Ultrastructural morphometry: The data obtained from individual cells was nested within indi-
vidual embryos (more than one observation drawn from one independent sample; an embryo). All 
statistical analyses were performed with the unpaired Student’s t test and one-way ANOVA test as 
indicated. Overall cell number and embryo number are annotated in the figure 4 and 5. 
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CHAPTER  VI
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General Discussion

The aim of this thesis is to gain a better understanding of the molecular mechanism 

of secretory vesicle docking via specific protein subdomains and its relationship to fusion 

by two vital proteins, Synaptotagmin-1 (Syt1) and Munc18-1. In 2013, James E. Rothman, 

Randy W. Schekman and Thomas C. Südhof were honored with Nobel prize (The Nobel Prize 

in Physiology or Medicine, 2013) for their distinctive discoveries of machinery regulating 

vesicle trafficking, a major transport system in our cells. Although the Nobel committee 

has acknowledged the milestones achieved in regulated secretion, we are still far away 

from understanding the role of specific protein subdomains in regulated secretory vesicle 

docking and secretion. It has been well established that Synaptotagmin, SNAP25, Synapto-

brevin, Syntaxin and Sec1/Munc18 (SM proteins) play crucial roles in cellular membrane 

fusion. However, the specific, step-by-step involvement of these specific proteins and their 

subdomains in the vesicle docking and fusion mechanism is elusive.

In chapter 2, the bottom domain arginine residues (R398, R399) of Syt1-C2B have 

been explored to understand their possible role in secretory vesicle docking. It demonstrates 

that Syt1-C2B bottom residues are dispensable for docking but needed for secretion, indic-

ative of a post-docking role of the Syt1-C2B bottom domain. Chapter 3 addresses the role 

of different protein subdomains of Syt1 in docking. In this study, we used Syt1s individual 

C2 domains, amino acids with hydrophobic side chain in the Ca2+ binding loop and poly-

basic region mutants. We conclude that the polybasic region and the Ca2+ binding loop are 

dispensable for docking. Also, the single TM-C2A domain partially rescues docking. This 

is consistent with a model where multiple sites on Syt1 mediate secretory vesicle docking 

and probably tandem C2 domains are required for full rescue of docking. In addition to 

Syt1, Munc18-1 is also reported to play a role in secretory vesicle docking. In chapter 4, we 

analyze different Munc18-1 domain 3a mutants for their possible role in secretory vesicle 

docking and fusion. We demonstrate that a conformational transition within domain 3a 

12th α-helix of Munc18-1 is essential for a post-docking step in secretory vesicle fusion. In 

chapter 5, we attempt to establish a less time-consuming screening method for secretory 

vesicle docking phenotypes using super-resolution microscopy as a primary tool instead 

of conventional transmission electron microscopy (TEM). We find that 3D-SIM (Structured 

Illumination Microscopy) imaging can be a valuable tool for pilot studies or screen potential 

secretory vesicle docking impairments. 
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Synaptotagmin-1: a multi-functional protein

Redundant function of Syt1 subdomains in vesicle docking 

Since two decades, Syt1s top Ca2+ binding loops have been extensively studied and 

accepted as primary Ca2+ sensor for synchronous release (Fernández-Chacón et al., 2001; 

Geppert et al., 1994; Sutton et al., 1995; Voets et al., 2001a). Syt1 orthologues have been 

proposed to regulate neuronal vesicle docking in C. elegans (Jorgensen et al., 1995), 

Drosophila (Reist et al., 1998), Squid giant synapse (Fukuda et al., 2000), hippocampal 

neurons (Imig et al., 2014; Liu et al., 2009) and mouse chromaffin cells (de Wit et al., 

2009), suggesting Syt1s involvement in vesicle docking is conserved in several secretory 

cell types and species. In neurons, readily releasable pool (RRP) is considered to be the 

manifestation of docked vesicles (see review Verhage & Sørensen, 2008) (Imig et al., 2014; 

Murthy et al., 2001), however, not in the case of chromaffin cells (see below). Compared 

to neurons, stronger docking phenotype in chromaffin cells can be attributed to different 

factors, such as 1. glutaraldehyde fixation method used in TEM 2. The compensatory role 

played by other Syts 3. difference in cell type. When conventional and high-pressure freeze 

(HPF) TEM methods were compared using SNAP25 null chromaffin cells, no difference 

in total and docked vesicles per section was observed (de Wit et al., 2009), refuting an 

altering effect of glutaraldehyde fixation on secretory vesicle docking phenotype. Presence 

of other Syt isoforms (Syt4, Syt7, and Syt11) in neurons (Bacaj et al., 2013) versus Syt7 in 

neuroendocrine cells (Han et al., 2004; Sugita et al., 2001) indicates probable compensa-

tory role collaboratively played by other isoforms in absence of Syt1 in neurons (Imig et al., 

2014) leading to milder docking phenotype. In addition to other Syt isoforms, the overall 

morphology, protein content, molecular and functional differences between these cell types 

should be considered. There are multiple potential sites on Syt1 that might play a direct or 

indirect role in secretory vesicle docking by either associating with protein (SNAREs) or 

phospholipids (Figure 1). Based on the crystal structure and functional studies, three sites 

on the C2 domains of Syt1 could potentially regulate vesicle docking: 1. the bottom domain 

(R398, R399) of C2B 2. the polybasic region of C2B and 3. Ca2+ binding loops on both 

C2 domains. In this study, we investigated mutants of these specific sites to unravel their 

possible role in secretory vesicle docking. 

First, Syt1 probably can promote secretion by multiple interactions with PI(4,5)P2 (Bai 

et al., 2004b; Schiavo et al., 1996), Syntaxin or Syntaxin: SNAP25 dimer (Bennett et al., 

1992; Kee & Scheller, 1996; Li et al., 1995; Rickman et al., 2004; Rickman & Davletov, 

2003), the Ca2+-channel I-II intracellular loop (synprint site) (Charvin et al., 1997), or a 

combination of the above. Recently it was shown that the bottom domain of the Syt1-C2B 

interacts with SNAREs (Gaffaney et al., 2008; Wang et al., 2016; Zhou et al., 2015) and is 
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involved in lipid mixing or secretion (Araç et al., 2006; Xue et al., 2008). We found that 

mutations in the C2B bottom domain (R398/399Q) does not affect secretory vesicle docking 

but drastically affect the fast burst in mouse chromaffin cells and selectively disrupt PI(4,5)

P2-independent docking (Chapter2, Kedar et al., 2015). This PI(4,5)P2-independent interac-

tion could be with the SNARE proteins and/or other phospholipids [e.g. phosphoserine (PS)/ 

phosphocholine (PC)] that affect secretion but not docking. The Syt1-C2B bottom domain 

mutant is not impaired in Complexin-1 displacement from the SNARE complex (Xue et al., 

2008), indicating that the interaction with SNAREs is not altered [probably due to interac-

tion with an intact polybasic region (Rickman et al., 2006)]. Highly reduced liposomal assay 

indicates that bottom domain interacts with phospholipids other than PI(4,5)P2 (i.e. PS or 

PC) (Kedar et al., 2015). The C2B-bottom domain mutant supports Ca2+-independent but not 

-dependent liposomal fusion, and in chromaffin cells it produced severe secretion defect, 

confirming its critical role in evoked release similar to neurons (Kedar et al., 2015; Xue et 

al., 2008). The above findings suggest that the C2B-bottom domain interacts with phos-

pholipids (PS/PC) to mediate fast burst/synchronous release but is dispensable for secre-

tory vesicle docking. We propose that, depending on availability and affinity, C2B bottom 

domain interacts with SNAREs (Gaffaney et al., 2008; Wang et al., 2016; Zhou et al., 2015) 

or phospholipids (Araç et al., 2006; Brewer et al., 2015; Kedar et al., 2015) to facilitate Ca2+ 

dependent secretion. 

Second, the polybasic region, which contains highly conserved positively charged 

protein domains, interacts with SNAREs (Brewer et al., 2015; Rickman et al., 2004; Zhou 

et al., 2015) and/or phospholipids (Bai et al., 2004b; Honigmann et al., 2013; Li et al., 

2006; van den Bogaart et al., 2011; Wang et al., 2016). Disruption of Syt1-polybasic region 

interacting domains on SNAP25 (layer zero) leads to a secretory vesicle docking and secre-

tion defect (Mohrmann et al., 2013), suggesting Syt1 and SNAP25 interaction influence 

secretory vesicle docking and secretion. Disrupting the proposed SNAP-25 binding site in 

Syt-1 (the polybasic region), however, did not alter docking in chromaffin cells (Chapter 

3), suggesting that it is dispensable for docking or other interaction domains on Syt1 could 

compensate in the SNARE interaction (e.g. the C2B bottom domain as mentioned above). It 

is also possible that phospholipid interactions with the Ca2+ binding loop and C2B-bottom 

face may compensate for the perturbed polybasic region in vesicle docking (Bai et al., 

2004b; Kuo et al., 2009; Wang et al., 2016; Zhou et al., 2015), resulting in normal secretory 

vesicle docking (Chapter 2 and 3). Alternatively, as the polybasic region consists of at least 

four basic amino acids (K324, K325, K326, K327), mutation of only two of these to neutral 

alanines may not be sufficient to disturb overall electrostatic potential. Altogether, in our 

docking assay, we found that polybasic region is dispensable for secretory vesicle docking. 

Third, Syt1 is a primary calcium sensor essential for evoked release (see review; 

Südhof, 2002) (Geppert et al., 1994; Voets et al., 2001a). The Ca2+ binding loops interact 
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with phospholipids in the presence or absence of Ca2+ ions (Bai et al., 2002, 2004; Kuo et 

al., 2011). These Ca2+ binding loops probably interact and partly submerge in phospholipids 

in a Ca2+-independent manner (Kuo et al., 2011) and might play a supportive/compensatory 

role in docking by bringing the vesicular membrane to plasma membrane. Here we show 

that the alanine mutant (Syt1-4A) does not affect secretory vesicle docking (chapter 3). In 

contrast, tryptophan mutants (Syt1-4W and Syt1-6W) with an enhanced affinity for lipids 

limited secretory vesicle docking in a small number of cells. The Syt1-4A mutant is known 

to hinder Ca2+-dependent liposome tubulation or PS binding and fusion (Lynch et al., 2008; 

Martens et al., 2007). If these findings would be reproduced in chromaffin cells, our results 

indicate that the Ca2+ binding loops play a post-docking role. The interaction with phospho-

lipids is probably necessary for bridging the membranes and maintain the orientation of C2 

domains ready for Ca2+ triggered fusion. 

In a small number of observations, we found that tryptophan mutants of Ca2+ binding 

loops fail to rescue docking. As tryptophan mutants are gain-of-function mutants for Ca2+ 

dependent phospholipid binding (Martens et al., 2007; Rhee et al., 2005; Shin et al., 2002), 

impairment of docking in the absence of Ca2+ is counter-intuitive. Moreover, in half of the 

middle section observations of the cells, intermittent double membranes were seen on the 

periphery. Potentially, due to the enhancement of membrane binding of the tryptophan 

mutants, the interaction of Syt1-4W and -6W with non-specific membranes is also strength-

ened. This may have resulted in the positioning of these non-specific membranes close 

to plasma membrane. This particular double membrane observation resembled function 

of Extended-Synaptotagmins (E-Syt) family proteins. Mammalian cells express three E-Syt 

homologs (E-Syt1, -2 and -3) (Craxton, 2010), consisting transmembrane and upto five 

C2 domains. E-Syt1 was found to localize in undetermined intracellular compartments, 

whereas E-Syt2 and -3 at plasma membrane (Min et al., 2007). Recently, all three were 

found to anchor endoplasmic reticulum and contact plasma membrane (Giordano et al., 

2013).  Unlike Syt1-C2 domains, all the C2 domains of E-Syt1, E-Syt2 (except C2C) and 

E-Syt3 contain at least one tryptophan residue. In the case of Syt1, conversion to two or 

three tryptophan per C2 domain may have induced membrane binding properties similar 

to E-Syts, allowing Syt1 to interact with non-specific or endoplasmic reticulum membrane. 

The number of cells without the double membrane phenotype where vesicle docking could 

be quantified is low for experiments with tryptophan mutants. This limits interpretation of 

the data and hence, the definite conclusion on the role of these gain-of-function mutants in 

vesicle docking cannot be made. 

To reconcile Syt1 function in chromaffin secretory vesicle docking, I propose a model 

where multiple independent interactions of Syt1, due to the abundance (stoichiometry) and 

ability to interact with SNARE and/or phospholipids simultaneously, dock vesicles at the 

secretion site (Figure 2). The role of Syt1 in the fast release, however, seems to depend 
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strictly on the Syt1-Ca2+ binding loops, -C2B bottom domain and the -C2B polybasic region 

(Kedar et al., 2015; Lynch et al., 2008; Mohrmann et al., 2013). Current findings, however, 

demand further detailed studies to identify which specific protein subdomains (in combina-

tion) play a role in secretory vesicle docking. Additional mutational analysis where at least 

two or more protein subdomains (e.g. Ca2+ binding loop/bottom face/polybasic region) are 

involved, may provide a better understanding of the multiple protein regions, and interac-

tions of Syt1 with proteins and lipids are necessary for secretory vesicle docking. 

Positional priming of secretory vesicles

The fast and slow component of the evoked exocytic burst in chromaffin cells corre-

sponds to RRP and slowly releasable pool (SRP) followed by a sustained release (Voets et 

al., 1999). Apart from these primary vesicle pools, RRP contains sub-pool called as imme-

diately releasable pool (IRP) (Horrigan & Bookman, 1994). This IRP is assumed to be phys-

ically in closer proximity to Ca2+ channel (Alvarez & Marengo, 2011; Voets et al., 1999), 

but molecular differences between RRP and IRP in chromaffin cells remain elusive. In the 

Calyx of Held, the Syt2 mutants of the C2B domain (R399, R400 homologous to Syt1 R398, 

R399) do not affect intrinsic Ca2+ sensitivity of vesicles but destabilize the RRP, probably 

by altering the positioning of vesicles to calcium channel (known as positional priming) 

(Young & Neher, 2009). The IRP in chromaffin cells could correlate to positional primed 

pool observed in the Calyx of held. Whether positional priming takes place in chromaffin 

cells or not, need further explanation. It is known that α-Neurexin (Missler et al., 2003) 

and Bruchpilot (Kittel et al., 2006) couple synaptic vesicles to calcium channels in the 

neurons. In contrast to neurons, α-Neurexin and Bruchpilot are not expressed in chromaffin 

cells, although Syntaxin may facilitate synaptic vesicles positioning close to Ca2+ channels 

(Bennett et al., 1992; Rettig et al., 1996, 1997). A synprint site in α1A subunit of the P/Q 

calcium channel promotes interaction with secretory vesicles in chromaffin cells (Álvarez et 

al., 2013). As Syt1 interact with synprint site of P/Q calcium channel (Charvin et al., 1997), 

positional priming might take place through Syt1 in the chromaffin cell. To find out if Syt1 

bottom domain supports such positional priming in chromaffin cells, we tested whether 

Syt1 bottom domain mutation affects the IRP in wild type cells. In chapter 2, the IRP in wild 

type and wild type expressing Syt1 or Syt1-R398,399Q mutant is unchanged. Thus we have 

observed no evidence for a role of the Syt1-C2B bottom domain in localizing secretory vesi-

cles to calcium channels or positional priming in chromaffin cells. 
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Is orientation of Syt1 necessary as a part of docking and fusion machinery?

Syt1 interacts with t-SNARE proteins and also with acidic membrane lipids by electro-

static association (Bennett et al., 1992; Schiavo, et al., 1997; Shao et al., 1997; Sollner et 

al., 1993) [reviewed by (Jahn & Scheller, 2006)]. Some findings suggest possible orientations 

of Syt1 with respect to its polybasic region and Ca2+ binding domain in overall docking and 

release machinery, but there are several discrepancies in the literature (Frazier et al., 2003; 

Honigmann et al., 2013; Kuo et al., 2009, 2011; Rufener et al., 2005; Seven et al., 2013). 

Figure 1 shows all possible orientations of the C2 domains respective to plasma and vesicle 

membrane binding, and for most of these configurations, proposals have been published 

(see references below the respective orientation model in Figure 1). Hence a key question 

remains, what is Syt1s C2 domain orientation relative to both the membranes and SNAREs?

Apart from Ca2+ and phospholipid binding, not much has been attributed to C2A domain 

function alone (Davletov & Südhof, 1993; Fernández-Chacón et al., 2001; Sørensen et al., 

2003a; Sutton et al., 1995). Detailed analysis of independent C2 domains revealed that, in 

the absence of Ca2+, C2B binds to PI(4,5)P2 and C2A to PS-PC and both C2 domains, when 

in tandem binds PS-PC and PI(4,5)P2 containing liposomes (Bai et al., 2004b). However, 

some findings contradict tandem C2s interaction with PS-PC containing liposomes in the 

absence of Ca2+ (Li et al., 2006). In contrast, some findings show that, not C2A (Zhang, 

Rizo, & Südhof, 1998) but C2B binds to PS-PC or PS-PC-PI(4,5)P2 liposomes in the absence 

of Ca2+ (Kuo et al., 2011). Nevertheless, it appears that C2As interaction with phospho-

lipids enhances when in tandem with C2B and/or in the presence of Ca2+ (Bai et al., 2004b; 

Gaffaney et al., 2008; Herrick et al., 2006; Kuo et al., 2011; Zhang et al., 1998). The recent 

crystal structure study of Syt1-SNARE complex suggests that C2A interacts with another 

Syt1-C2B and SNARE complex involving residues Syt1-R199 and -R233, syntaxin-1A D218, 

and synaptobrevin-2 D57 (Zhou et al., 2015). Our findings suggest that TM-C2A partially 

rescues secretory vesicle docking, which could potentially be mediated by this interaction 

with SNAREs (Chapter 3). The soluble fragment of Syt1 (lacking the transmembrane domain) 

behaves like a bridge between two separate lipid bilayers, utilizing Ca2+ binding and the 

bottom domain of C2B (Brewer et al., 2015; Seven et al., 2013). In support of this bridging 

hypothesis, Syt1 appears to reduce the distance between membranes in the presence of 

PI(4,5)P2 to 3-5nm, the approximate size of the C2 domain (Kuo et al., 2011). Another 

finding also supports this bridging model, which maintains the bilayer-bilayer distance of 

3-5nm by building Syt1-oligomer rings (Wang et al., 2014). This oligomerization is disrupted 

upon Ca2+ influx, and could thereby potentially function as a spacer that clamps vesicle 

fusion in the absence of calcium. 

The data discussed above indicate that the C2 domains are positioned directly in 

between the vesicle and plasma membrane lipid bilayers before vesicle fusion, but the basic 
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Figure 1. Possible orientations of Syt1-C2 domains relative to membranes and t-SNARE A. Different 
subdomains of the Syt1 C2 domains B, C, E. trans-orientations D. cis-orientation of C2 domains. Refer-
ences indicating the respective orientations of C2 domains depending on their Ca2+ loop and C2B bottom 
domain binding to PM and/or SNAREs. We define trans- as at least one Ca2+ binding loop interacting with 
PM and cis- as both Ca2+ binding loops interacting with VM. TMD: transmembrane domain, VM: vesicle 
membrane, PM: plasma membrane



       104

orientation and positioning of Syt1 in docking and fusion machinery is still uncertain. With 

respect to its C2 domain Ca2+ binding loops and being vesicular protein, we define trans-ori-

entation as at least one of the Ca2+ binding loop(s) interact with plasma membrane (Figure 

1B, C, E) and cis as both Ca2+ binding loops interact with vesicle membrane (Figure 1D). 

Some studies suggest the C2B bottom domain interacts with t-SNAREs (Gaffaney et al., 2008; 

Wang et al., 2016) or plasma membrane (Hui et al., 2012). In our findings, the C2B bottom 

domain was found to interact with membranes containing phospholipids other than PI(4,5)

P2 and is dispensable for docking (Kedar et al., 2015). In absence of PI(4,5)P2 on the target 

liposomes, Syt1 binds in cis-orientation to negatively charged, PS rich vesicles (Vennekate 

et al., 2012). Similarly, the removal of PI(4,5)P2 from giant unilamellar vesicles (GUV) in 

our assay (chapter 2) might have resulted in enhanced cis-binding of Syt1, and hence a 

significant reduction in docking was observed (Kedar et al., 2015). Such cis-binding may 

have been the result of the Ca2+ binding loop or polybasic region interaction with vesicles. 

Our highly reduced liposome assay revealed that Syt1-C2B bottom domain interacts with 

GUVs (modeling the plasma membrane in intact cells), in agreement with previous findings 

(Hui et al., 2012). In PC12 cell membrane sheets, the plasma membrane contains PI(4,5)

P2-rich areas that accumulate Syntaxin1A (Honigmann et al., 2013), and it is conceivable 

that the polybasic region electrostatically interacts with negative charged PI(4,5)P2 patches 

(Bai et al., 2004b; Holz et al., 2000; Micheva et al., 2001; Schiavo et al., 1996) or acidic 

residues on t-SNAREs (Li et al., 1995; Mohrmann et al., 2013; Rickman et al., 2004; Stein et 

al., 2007), effectively enabling a trans-configuration of Syt1. As Syt1s most of the prominent 

protein subdomains are redundant for docking, we presume that there may be more than 

one orientation in which Syt1 can support docking. Hence, in the intact cell, any orienta-

tion either trans- (Figure 1B, C, and E) or cis- (Figure 1D) may support docking. At plasma 

membrane, the trans-orientation could efficiently induce membrane curvature upon Syt1 

penetration after Ca2+ influx (Hui et al., 2009; Martens et al., 2007) and potentially reduce 

the energy barrier for fusion. Yet it is difficult to pinpoint at a specific trans-orientation of 

Syt1 (Figure B, C, E). Overall, it can be envisaged that multiple Syt1 copies (15/vesicle) 

(Takamori et al., 2006) can incorporate multiple orientations with available interaction part-

ners (membrane lipids or SNAREs) for docking (Figure 1). The trans-orientation (Figure 1E) 

will be highly productive to reduce the energy barrier for membrane fusion, but more exper-

iments are required for a strong conclusion.
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Munc18-1

In docking and fusion

Loss of Munc18-1 leads to defective docking and results in a drastic decrease in neuro-

transmitter release (Verhage et al., 2000; Voets et al., 2001b). Docking can be compensated 

by expression of SNAP25 or the C-terminus of Synaptobrevin2, but secretion is not restored, 

confirming a post-docking role for Munc18-1 (de Wit et al., 2009). 

In recent years, domain 3a of Sec1/Munc18 (SM) proteins has gathered much attention 

as a promoter of SNARE complex formation crucial for secretion (Boyd et al., 2008; Han et 

al., 2013; 2014; Hu et al., 2011; Martin et al., 2013; Parisotto et al., 2014). The residue P335 

in domain 3a acts like a hinge that can extend the 12th helix (Hu et al., 2011; Martin et al., 

2013). This extended helix controls an association of Synaptobrevin2 to Munc18-1 (Boyd et 

al., 2008; Han et al., 2013; Martin et al., 2013). The mutation of P335 to alanine leads to an 

increase in liposomal fusion (Parisotto et al., 2014) and secretion in chromaffin cells (Munch 

et al., 2016). This suggests, Munc18-1/Synaptobrevin2 interaction promoted by extension 

of the 12th helix is probably necessary for forward priming step in fusion. Synaptobrevin2 

interact with L348 in the same domain of Munc18-1 and conversion of L348 to arginine 

also leads to loss of fusion (Munch et al., 2016; Parisotto et al., 2014). This further indicates 

hinge (P335) changes its confirmation to facilitate interaction of Synaptobrevin2 with L348. 

Using electron microscopy, we performed secretory vesicle docking analysis of similar 

mutants on munc18-1 null chromaffin cells [Chapter 4; (Munch et al., 2016)]. As the P335A 

mutation increases liposome fusion (Parisotto et al., 2014), we anticipated an increase in 

the number of docked secretory vesicle and opposite in case of L348R mutation. However, 

we found no alteration in docking by these mutants in chromaffin cells, while secretion 

was highly affected, indicating that Munc18-1s interaction with Synaptobrevin2 is essen-

tial downstream of docking (Munch et al., 2016). In both the Munc18-1 mutations (P335A 

and L348R), although Synaptobrevin2 binding was altered, Syntaxin1 binding was slightly 

reduced in P335A mutant (Parisotto et al., 2014). The lack of any impairment in docking 

indicates that mutant Munc18-1 successfully stabilizes the acceptor complex (SNAP25/

Syntaxin1A) essential for secretory vesicle docking (de Wit et al., 2009). The Munc18-1-reg-

ulated association of Synaptobrevin2 to the acceptor complex, or presence of Synapto-

brevin2 overall, is not required for secretory vesicle docking in chromaffin cells (Borisovska 

et al., 2005; Munch et al., 2016) and neurons (Hunt et al., 1994). In Munc18-1 P335A 

the burst secretion is highly potentiated without an increase in docked vesicles (Chapter 

4), raising the question how this can be sustained. From previous findings (Kedar et al., 

2015; Plattner et al., 1997) it is evident that the secreted vesicle pool is much smaller than 
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the docked pool and not all docked secretory vesicles are competent to fuse (so-called 

dead-end docking) (see the introduction and review Verhage & Sørensen, 2008). In the 

case of P335 mutant, part of docked vesicles that are not fusogenic may have acquired 

fusion competency due to increased Munc18-1-Synaptobrevin2 interaction. This may have 

increased forward priming rate, and hence fusion rate is increased even while the number 

of docked vesicles are normal. On the other hand, L348R disrupts the fusogenic pool that 

may have remained docked, indicating the regulation of docking and fusion are separable 

functions of Munc18-1. 

The discrepancy between docked vs RRP vesicles in chromaffin cells

The particular phenomenon of fusogenic vesicles of RRP not being directly propor-

tional to docked vesicles highlights the disparity between docked versus vesicles in RRP in 

chromaffin cells. The excess of observed docked vesicles does not seem to be chemical fixa-

tion artifact, as high pressure freezing resulted in a similar sized docked pool (de Wit et al., 

2009). Based on our work (Kedar et al., 2015), we estimated the total, docked and fused (in 

5 sec post-Ca2+ uncaging) number of vesicles in an average whole chromaffin cell from 2D 

TEM micrographs and electrophysiology data (Table 1, 2). The numbers of vesicles secreted 

in SRP and RRP event were calculated based on previously estimated charge of single secre-

tory vesicle i.e. 1.3fF (Moser & Neher, 1997).  According to our estimate, the cultured wild 

type mouse chromaffin cell on an average contains ~11000 secretory vesicles out of which 

~3000 (~25%) are docked and only ~215 (~2% of total) secrete in first five seconds upon 

stimulation by Ca2+ uncaging. Deletion of syt1 reduces docking to 11% and release to 

<1%, on the other hand, rescuing syt1 null with Syt1 results in docking and release similar 

to wild type (Table 2). It is difficult to discriminate immature and mature secretory vesicles 

in electron micrographs unambiguously. Vesicle pool estimations from these images will, 

therefore, include vesicles at various stages of maturation. 

Table 1: Calculating vesicle numbers in whole cell from 2D TEM chromaffin cell section

Parameter Formula Measurement

1 Cell radius (TEM middle section) r 5μm

2 Cell section thickness (TEM middle 
section)

h 90nm

3 Cell surface area 4�r2 314μm2

4 Area of cell seciton 2�rh 2.82μm2

5 Charge of 1 dense core vesicle - 1.3fF/DCV
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Table 2: Estimated total, docked and released vesicle numbers in whole chromaffin cell

Condition Total vesicle number Docked vesicle 
number

5sec release SRP RRP

Wild type ~11000 ~3000 215 38 44
syt1 null ~13000 ~1500 126 59 9

syt1 null + 
Syt1-wt

~12000 ~3000 188 38 42

It appears, not all docked vesicles are fusogenic but probably incorporate following 

categories of vesicles. First, as mentioned before, chromaffin cells contain mature and 

immature secretory vesicles, the observed docked vesicle might be a mixture of these vesi-

cles. Second, the “dead end” docked vesicles, where t-SNARE form 2:1 complex instead 

of productive 1:1 complex (see review; Verhage & Sørensen, 2008) can also contribute to 

excess docked vesicles. Third, as Syt1 interact with multiple partners probably in different 

orientations, a specific orientation is needed to make vesicle part of RRP. Moreover, fourth, 

perhaps not all the docked vesicles are localized at secretion site. Nevertheless, RRP in 

chromaffin cells does not appear to be the manifestation of docked vesicles as suggested for 

neurons (Imig et al., 2014; Murthy et al., 2001).

The Working Model

While Munc18-1 and Syt1 have been extensively studied as outlined above, defining 

an overall model of how Munc18-1 and Syt1 works concerning its docking, post-docking and 

fusion mechanism is challenging. We generated a consistent working model for the docking/

fusion machinery focusing on Munc18 and Syt1 function in these processes (Figure 2A-D). 

First, once successfully passed through post-translational modifications, closed Syntaxin-1 

gets trafficked from trans-Golgi network to plasma membrane by Munc18-1 (Figure 2A). At 

plasma membrane, Syntaxin-1 changes conformation from closed to open by interaction 

with the MUN domain of Munc13-1. Second, this conformational change allows SNAP25 

to interact with Syntaxin-1 and this 1:1 interaction is further stabilized by Munc18-1 and 

is ready as acceptor complex for vesicle docking (Figure 2B). Third, 1:1 acceptor complex 

acts like a beacon for Syt-1 on vesicle membrane, which leads to docking of the secretory 

vesicle to plasma membrane (Figure 2C). This interaction of Syt1 with acceptor complex/

phospholipids probably takes place through one of the multiple interactions e.g. polybasic 

region interacting either with phospholipids or SNARE in combination or independently 

and C2B bottom domain interacting with vesicle membrane phospholipids or SNAREs 

(Figure 1). Finally, with the help of conformational changes in the Munc18-1 domain 3a, 

Synaptobrevin2 interacts with Munc18-1 (L348) and SNARE complex formation takes place 
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Figure 2. Figure legend on  

   next page
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(Figure 2D). Hence, even if docking is rescued in the absence of Munc18-1, Synaptobre-

vin2s inability to interact with the acceptor complex explains Munc18-1s significance in 

post-vesicle docking step. Similarly, multiple regions of Syt1 can interact with acceptor 

complex/phospholipids and compensate during secretory vesicle docking (see above), but 

all these interactions are crucial for fast evoked secretion (Figure 2E and 2F). 

The orthologues of SNARE proteins have been reported to play a role in neuronal 

synaptic vesicle docking (Bennett et al., 1992; Hammarlund et al., 2007; Imig et al., 2014) 

and neuroendocrine secretory vesicle docking (de Wit et al., 2009; 2006; Wu et al., 2012). 

Secondly, the orthologues of Sec1/Munc18-1 have been found to be involved in docking 

and fusion in neuroendocrine cells (Voets et al., 2001b) and neurons (including orthologue 

Unc-18 in C. elegans) (Toonen et al., 2006a; Weimer et al., 2003). Third, the orthologues of 

Synaptotagmin1 have also been found to modulate docking (de Wit et al., 2009; Imig et al., 

2014; Reist et al., 1998) and fusion (Diantonio et al., 1993; M Geppert et al., 1994; Nonet 

et al., 1993) in neurons and neuroendocrine cells. Such conservation of proteins, as well as 

their function in various metazoan species, affirms their role in regulated docking and secre-

tion. Apart from well-established evolutionarily conserved function, there are other ques-

tions to be resolved, e.g., How can “dead end” docking be reverted to the fusion competent 

pathway? When does P335 in Domain 3a changes the conformation and allow Synapto-

brevin2 to interact? Why some subdomains are dispensable for docking but needed for 

fast release? Is there a specific orientation of Syt1 in docking and fusion relative to SNAREs 

and plasma membrane? Analyzing high spatio-temporal resolution interaction of Syt1 and 

Munc18-1 with other proteins and lipids of the docking machinery may allow us to dissect 

fate of these proteins and vesicles in regulated (post)docking.

Figure 2. (See previous page) The function of Syt1 and Munc18-1 in vesicle docking. A. Munc18-1 chaper-
ones Syntaxin1 and brings it to PM B. SNAP25 binds to open configuration of Syntaxin1 to form acceptor 
complex C. Syt1 binds to acceptor complex to dock vesicles proximal to PM D. Suitable configuration of 
Munc18-1 allows Syb2 to interact with t-SNARE resulting in formation of SNARE complex which further 
may facilitate normal exocytosis. E and F. possible explanation for individual C2 domain partially rescue 
docking that may not support vesicle fusion. Syb2: Synaptobrevin2
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Summary  

Brain is the chauffer of all five senses that governs our daily experience, right from 

viewing beautiful Tulip garden to tasting mouth-watering cheese. It is also responsible for 

cognition and controlling involuntary activities such as heart functioning and digestion. 

Neuronal cells (and other cells for that matter) ceaselessly communicate with each other 

to maintain the vital functions of body. One of the fundamental mode of cellular commu-

nication is through releasing synaptic/secretory vesicles. These synaptic/secretory vesicles 

mainly contain neurotransmitters, hormones, amines and peptides, that act like messengers 

important for impeccable communication. Apart from mode and matter of communication, 

temporal release is also essential.  For explicit temporal release of cellular communication, 

different proteins play central role in vesicle fusion process. Syt1, Munc18-1, SNAP25 and 

Syntaxin1 are found to be important for docking and fusion. In addition, apart from SNAP25 

and Syntaxin1, Synaptobrevin2 is a significant part of SNARE complex that is evolutionally 

critical from yeasts to humans for membrane fusion. 

We focused on exploring Syt1s role in secretory vesicle docking in mouse chromaffin 

cells. Syt1 play important role in secretory vesicle docking by binding to minimal acceptor 

complex (SNAP25:Syntaxi1) (de Wit et al., 2009). We attempted to understand specific 

Syt1-C2B bottom domains role in docking. Mutation in this particular region (R398, R399) 

previously found to disrupt neurotransmitter release in syt1 null hippocampal neurons (Xue, 

Ma, Craig, Rosenmund, & Rizo, 2008). We found that, Syt1-C2B bottom face is dispen-

sable for secretory vesicle docking and in living cells, probably does not need PIP2 to dock 

vesicles (Kedar et al., 2015). We further used different mutants of multiple regions like Ca2+ 

binding loop, polybasic region and also individual C2 domains to identify regions directly 

involved in secretory vesicle docking. Total number, vesicle distribution and docking were 

unchanged compared to control. We conclude that, all the studied mutant versions of Syt1 

in this chapter are dispensable for secretory vesicle docking.

We also studied another protein important for secretory vesicle docking and fusion 

i.e. Munc18-1. Previously, it was found that Munc18-1s domain 3a is crucial for Synapto-

brevin2 binding and define inhibitory or stimulatory vesicle fusion activity. With anticipation 

of having effect on secretory vesicle docking, we used domain 3a mutants in our docking 

assay. We found that these mutants are dispensable for docking as total number, vesicle 

distribution and docking was normal. Electrophysiology and liposome assay confirms that 

Munc18-1s domain 3a 12th α-helix leads to opening of closed confirmation of Syntaxin-1, 

followed by productive SNARE-complex assembly by allowing Synaptobrevin2 to interact 

and vesicle priming.

Apart from identifying specific proteins role in secretory vesicle docking and fusion, 
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we also strived to bring new method to screen or analyze secretory vesicle docking with 

the help of high-resolution optical microscopy. We utilized 3D-SIM microscopy to generate 

optical images and validated docking analysis by two different plugins, which work on 

two completely independent platforms. We found that, difference in vesicle and plasma 

membrane marker matched EM generated docking data for wild type and syt1 null chro-

maffin cells. This method is promising for screening or pilot analysis of secretory vesicle 

docking and select experimental conditions of interest for further docking analysis using 

high quality but low through-put TEM experiments.
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