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Summary 

Regulated neurotransmitter release is orchestrated by fusogenic SNARE proteins, the 

regulatory proteins, Complexin and Synaptotagmin. Complexin is believed to hinder premature 

exocytosis by clamping the membrane-bridging, partially assembled SNARE complex at a 

partially zippered state whereas Synaptotagmin1 acts as major Ca2+ sensor, synchronizing the 

fusion event to Ca2+ stimulus. Despite intensive research, the exact molecular mechanisms of 

how these SNARE ‘regulators’ and their potential interplay govern neurotransmitter release 

have remained enigmatic and are therefore the theme of this dissertation.  

Previous studies have demonstrated that Cpx C-terminus clamps premature vesicle secretion 

and the N-terminus of Cpx accelerates the kinetics of exocytosis. Based on these findings, we 

set out to pinpoint crucial amino acid residues within the Cpx C-terminus and how they may 

mediate the molecular ‘clamp’ action of the protein preventing tonic secretion. In the framework 

of structure-function analysis, the results illustrate that the last 34 amino acids of Cpx are most 

responsible for preventing premature vesicular fusion. In particular, a C-terminal stretch of 19 

amino acids, forming an amphipathic helix, turned out to be crucial for the clamp action. 

Mutating specific hydrophobic residues (Cpx2L124,128W mutant) in the C-terminus strongly 

impaired the clamp action. Based on these results and other corroborating evidences, we 

propose a model wherein the C-terminal amphipathic region acts as an alternative SNARE motif 

and thereby hinders progressive zippering of SNARE proteins. 

In a separate set of experiments, we investigated the functional relationship between Cpx2 and 

the secondary Ca2+ sensor, Syt7 which is expressed in mouse chromaffin cells. The results 

show that Syt7 functions as a Ca2+ sensor for vesicle secretion, particularly at low Ca2+ 

concentrations. In the absence of Syt7, Cpx2 clamps premature secretion like in wt cells 

confirming that Cpx directly clamps SNARE proteins and not the Ca2+ sensor. Furthermore, in 

the absence of Cpx2, additional loss of Syt7 strongly aggravates the Cpx2 ko phenotype in 

contrast to Cpx2-Syt1 dko cells. This result shows that Cpx2 and Syt7 operate in different 

molecular steps en route to vesicle fusion. The combined set of data supports a scenario 

wherein Syt7 mediates early stages of vesicle priming and as the vesicles attain full release 

competence, they require Syt1 mediation for rapid release. 

Taken together, this doctoral thesis pinpoints key properties of SNARE regulators shedding light 

on crucial regions of Cpx and the functional relevance of Syt7 in Ca2+ triggered exocytosis. 
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Zusammenfassung  

Die regulierte Neurotransmitterfreisetzung wird durch fusogene SNARE-Proteine, die 

regulatorischen Proteine Complexin und Synaptotagmin gesteuert. Es wird angenommen, dass 

Complexin eine vorzeitige Exozytose verhindert, indem der membranüberbrückende, teilweise 

zusammengesetzte SNARE-Komplex in einem Zustand mit teilweisem Reißverschluss 

geklemmt wird, während Synaptotagmin1 als Haupt-Ca2+ -Sensor fungiert und das 

Fusionsereignis mit dem Ca2+ -Stimulus synchronisiert. Trotz intensiver Forschung sind die 

genauen molekularen Mechanismen, wie diese SNARE-Regulatoren und ihr mögliches 

Zusammenspiel die Freisetzung von Neurotransmittern steuern, rätselhaft geblieben und daher 

das Thema dieser Dissertation. 

Frühere Studien haben gezeigt, dass der Cpx-C-Terminus die vorzeitige Vesikelsekretion 

hemmt und der N-Terminus von Cpx die Kinetik der Exozytose beschleunigt. Basierend auf 

diesen Erkenntnissen haben wir uns vorgenommen, wichtige Aminosäurereste im Cpx-C-

Terminus zu lokalisieren und herauszufinden, wie sie die molekulare "Clamp" -Wirkung des 

Proteins, das die tonische Sekretion verhindert, vermitteln können. Im Rahmen der Struktur-

Funktions-Analyse zeigen die Ergibnisse, dass die letzten 34 Aminosäuren von Cpx am 

stärksten für die Verhinderung einer vorzeitigen vesikulären Fusion verantwortlich sind. 

Insbesondere ein C-terminaler Abschnitt von 19 Aminosäuren, der eine amphipathische Helix 

bildet, erwies sich als entscheidend für die Klemmwirkung. Das Mutieren von spezifischen 

hydrophoben Resten (Cpx2L124,128W-Mutante) im C-Terminus beeinträchtigt die Klemmwirkung 

stark. Basierend auf diesen Ergebnissen und anderen Beweisen schlagen wir ein Modell vor, 

bei dem die C-terminale amphipathische Region als alternatives SNARE-Motiv fungiert und 

dadurch das progressive Zippen von SNARE-Proteinen behindert. 

In einer separaten Reihe von Experimenten untersuchten wir die funktionelle Beziehung 

zwischen Cpx2 und dem sekundären Ca2+ -Sensor Syt7, der in Chromaffinzellen der Maus 

exprimiert wird. Die Ergebnisse zeigen, dass Syt7 als Ca2+ -Sensor für die Vesikelsekretion 

fungiert, insbesondere bei niedrigen Ca2+ -Konzentrationen. In Abwesenheit von Syt7 klemmt 

Cpx2 die vorzeitige Sekretion wie in WT-Zellen und bestätigt, dass Cpx SNARE-Proteine direkt 

klemmt und nicht den Ca2+ -Sensor. Darüber hinaus verstärkt ein zusätzlicher Verlust von Syt7 

in Abwesenheit von Cpx2 den Cpx2-ko-Phänotyp im Gegensatz zu Cpx2-Syt1-dko-Zellen. 

Dieses Ergebnis zeigt, dass Cpx2 und Syt7 auf dem Weg zur Vesikelfusion in verschiedenen 

molekularen Schritten arbeiten. Der kombinierte Datensatz unterstützt ein Szenario, bei dem 
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Syt7 frühe Stadien der Vesikelvorbereitung vermittelt und bei Erreichen der vollständigen 

Freisetzungskompetenz eine Syt1-Vermittlung für eine schnelle Freisetzung erforderlich ist. 

Zusammenfassend zeigt diese Doktorarbeit wichtige Eigenschaften von SNARE-Regulatoren 

auf, die ein neus licht auf die wichtigen Bereiche von Cpx und die funktionelle Relevanz von 

Syt7 in Ca2+ -ausgelösten Exozytose.  
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1 Introduction 

The ability of cells to transmit information between each other is a hallmark of multicellular 

organisms. One of the ways cells perform this ‘communication’ is by transferring chemical 

substances from one cell to another. Neurons and neuroendocrine cells contain membranous 

organelles called secretory vesicles or granules that store neurotransmitter molecules and 

hormones which are released into the extracellular space by an efficient process known as 

exocytosis. Classical exocytosis may be distinguished further into constitutive or regulated 

exocytosis (Fig.1). Constitutive exocytosis occurs continuously in all cells irrespective of any 

environmental factors or stimuli and involves the transfer of macromolecules such as newly 

synthesized lipids and proteins to the plasma membrane, soluble proteins, etc. in vesicles. 

Here, the transport vesicles are simply incorporated into the cell membrane to release their 

components into the extracellular space. Regulated exocytosis on the other hand, occurs only in 

secretory cells and the vesicular components (neurotransmitters, hormones, cytokines, etc.) are 

released only when triggered or stimulated for example by a change in the intracellular signal 

levels (Burgess and Kelly, 1987). 

 

Figure 1. Cells transport proteins actively via exocytosis.  
Membrane bound vesicles carrying soluble proteins or neurotransmitter molecules, bud off either from Golgi 
apparatus or from early endosomes. Vesicles fuse with the plasma membrane to deposit their cargo into the exterior 
of the cell. Fusion occurs either constitutively, without any external signal or in a regulated fashion, due to an external 
stimulus (adapted from Encyclopedia Britannica, 2008). 
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1.1 Regulated Exocytosis- A multi-step process 

Regulated exocytosis is the very basis of cell-to-cell communication in all living organisms. It is 

characterized by extremely tight control of Ca2+ and a very high speed of execution. Studies 

have shown that regulated exocytosis proceeds in a step-wise fashion that involves different, 

molecularly distinct steps (Burgoyne, Morgan 1998). Briefly, after the biogenesis of vesicles, 

they are translocated along microtubules of the cytoskeleton to the sub-plasmalemmal release 

sites of the cell where they are tethered or ‘docked’. Then they undergo ‘priming’- a molecular 

process by which they acquire fusion competence. The next step is the ‘fusion’ of vesicular 

membrane to the plasma membrane delivering the release of neurotransmitters or 

catecholamines into the extracellular space. As vesicles continue to fuse and hand over their 

contents, newly synthesized vesicles either by the process of biogenesis or membrane retrieval 

(endocytosis) arrive at the plasma membrane for another cycle of exocytosis. (Burgoyne 1995). 

Based on studies of membrane trafficking in yeast, neuronal exocytosis, in vitro fusion reactions 

of intracellular organelles, members of four protein families (SNARE proteins, sec1/munc18-like 

(SM) proteins, NSF with adaptor proteins, and Rab proteins) are known to mediate exocytosis in 

eukaryotes (Gerber and Südhof, 2002) (Fig. 2). 

 

 
Figure 2. Different stages of exocytosis.  
Newly synthesized vesicles migrate to the vicinity of the plasma membrane. Here, they are physically 
tethered/docked, primed (gain release competence) and then fuse with the plasma membrane. Several proteins 
coordinate these molecular events, eventually delivering the vesicular contents to the extracellular space and 
recycling the vesicles for another cycle of exocytosis (adapted from LiL & Chin LS, 2002). 
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1.1.1 Vesicle Docking and Priming 

The term ‘docking’ is widely used to describe a state of vesicles in the process of maturation, 

before they attain fusion-competence. Usually, docking is considered to be an initial ‘tethering’ 

or ‘anchoring’ of the vesicles (within close proximity) to the plasma membrane (Waters et al, 

2000; Pfeffer 1999). However, several criteria have been used to assess and define the docking 

stage of vesicles. For instance, according to electron microscopy studies, morphological 

proximity of vesicles to the plasma membrane has been used to define docked vesicles (Gray 

1959; Verhage and Sorensen 2008). Some studies consider vesicles to be docked when they 

are present at a distance of about 40 nm from the plasma membrane (Siksou et al., 2009) while 

others have considered 30 nm from the plasma membrane to be a docking zone (de Wit et al., 

2006). A biochemical definition of docking can refer to a stable interaction between vesicles and 

plasma membrane. Martin, Kowalchyk et al., 1997 identified vesicle fractions that not only retain 

their association with the plasma membrane after homogenization but also retain their 

competence for Ca2+-triggered fusion, if appropriately primed.  

In neural cells and neuroendocrine cells, the ‘tethered/docked’ condition of the vesicles does not 

intrinsically render them ready to fuse with the plasma membrane. Although a relatively large 

number of vesicles may be docked, only a fraction of these undergo ‘maturation’ events that 

render the docked vesicles competent for Ca2+ triggered fusion. Patch clamp recordings and 

capacitance measurements in neurons and neuroendocrine cells have shown different kinetic 

phases of secretion (Rettig and Neher, 2002). For instance, the first kinetic phase, known as the 

exocytotic burst (EB) occurs rapidly (milli seconds to a few seconds timescale) and represents 

the ‘fusion-competent’ or readily releasable pool (RRP) of vesicles. The later slower phase (~10 

s), known as the sustained component, represents the newly arriving pool of vesicles, refilling 

the RRP. These studies illustrate that only a privileged subset of docked vesicles is staged in a 

release ready or primed state waiting only for a Ca2+ trigger to initiate membrane fusion. Priming 

can include reorganization of actin cytoskeleton (Burgoyne, Cheek 1987), formation of trimeric 

SNARE complexes (Jahn and Südhof 1999; Chen and Scheller 2001; Brunger 2001; Rizo and 

Südhof 2002; Bruns and Jahn 2002; Fasshauer 2003), modification of SNARE proteins by 

ATPase NSF (Banerjee, 1996) and maintenance of poly-phosphoinositide levels (Eberhard et 

al., 1990). Priming is also thought to be a recruiting event in which the vesicles are positioned in 

the proximity of Ca2+ channels (Neher and Sakaba, 2008). Different proteins such as Munc-13 

and CAPS have been shown to be crucial in priming vesicles by initiating SNARE complex 
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formation and to stabilize synaptic vesicles in a fusion competent state (Südhof, 2004, Jockusch 

et al., 2007). 

1.1.2 Membrane Fusion 

The final step in exocytosis is membrane fusion, where in two separate lipid bilayers (vesicular 

membrane and the cell membrane) merge to become a single continuous bilayer. All fusion 

reactions essentially proceed in two or three steps (Jahn et al., 2003) as described here below. 

To begin with, the vesicles must be brought into close proximity of the plasma membrane, 

against several mechanical and molecular energy barriers. For instance, the clearance of 

proteins (sieving) or the counteracting electrostatic forces need to be overcome. Second, the 

destabilization of the hydrophobic and hydrophilic portions of the bilayers must take place. 

Consequently, the lipids present in the proximal leaflets merge with each other, generating non-

bilayer transition states known as hemifusion intermediates (Chernomordik et al., 2003). This 

hemifusion state is described as the formation of an hour-glass-shaped lipid structure or a 

fusion stalk between two adjacent membrane leaflets (Fig. 3). Hemifusion finally culminates in 

the formation of an aqueous fusion pore (diameter <0.5-2 nm) that rapidly dilates to fully 

collapse into the plasma membrane (full fusion). 

 
 

Figure 3. Hemifusion. 
A pre-fusion stage where only the proximal lipid layers merge before an initial fusion pore is formed. With the merging 
of distal leaflets, an aqueous pore is formed which rapidly dilates and collapses into the plasma membrane causing 
full fusion (adapted from Jahn R et al., 2003). 

The whole process of membrane fusion is coordinated with the help of several proteins which 

essentially work to lower the energy barriers at the right time and place. For instance, Rab/Ypt 

GTPases (e.g. Rab3A and Rab3B) are actively involved not only in trafficking transport vesicles 

(donor) to the plasma membrane (acceptor), but also to tether the two membranes together, 
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thus providing specificity to fusion reactions (Pfeffer and Aivazian, 2004; Zerial and McBride, 

2001). Following membrane attachment, fusion is initiated by the combined action of SNARE 

proteins and SM (Sec1/Munc18-like) proteins. 

1.1.3 SNARE proteins – the core of Membrane Fusion Machinery 

Although membrane fusion is important for cellular communication, spontaneous membrane 

fusion is actively opposed by forces such as electrostatic repulsions between two approaching 

membrane surfaces or the lateral tension of the bilayer interface (Chernomordik et al., 1987; 

Kozlovsky et al., 2002). The energy needed to overcome such energy barriers for the fusion of 

two membranes is provided by the assembling of specialized proteins known as the SNARE 

proteins into α-helical bundles or trans-SNARE complexes (Jahn et al., 2003; Rizo et al., 2006; 

Jahn and Fasshauer, 2012). Both neurons and neuroendocrine cells employ the same fusion 

machinery composed of SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor) proteins and SM proteins (Südhof, Rothman 2009). The core fusion machinery is 

comprised of three highly conserved proteins known as the SNARE proteins, namely Syntaxin-

1, SNAP-25 and Synaptobrevin/VAMP (vesicle associated membrane protein). These proteins 

belong to a superfamily (>35 members in mammals) of membrane associated proteins that are 

involved in all trafficking steps of the secretory pathway (Rizo & Südhof 2002, Chen & Scheller 

2001, Kavalali 2002, Brunger 2001). SNARE proteins in general have a simple structure 

consisting of a transmembrane domain towards their C-terminus, a short linker and a 

homologous sequence called the ‘SNARE motif’ (Kloepper et al., 2007). The SNARE motif 

comprises a stretch of ~ 60-70 amino acids which is further characterized by eight heptad 

repeats of hydrophobic residues that can form coiled-coils at the moment of interaction with 

other SNARE motifs. These motifs are highly conserved and serve as a defining hallmark of 

SNARE proteins (Bock et al., 2001). 

Distinct SNARE proteins are targeted to distinct membrane domains and compartments. 

Depending on their sub-cellular localization, SNARE proteins are initially classified as those that 

are associated with the vesicles (v-SNAREs - predominantly Synaptobrevin) and those that are 

located on the target, plasma membrane (t-SNAREs - predominantly Syntaxin and SNAP-25) 

(Söllner et al., 1993b). Furthermore, being present on two adjacent membranes, the SNAREs 

can interact within their motifs to form extremely stable, even SDS-resistant coiled-coil 

complexes or helix bundles (Fig. 4). The vesicular protein Synaptobrevin/v-SNARE motif 

interacts with one t-SNARE motif provided by Syntaxin and two t-SNARE motifs provided by 
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SNAP-25 (heterodimeric). Thus, SNARE complexes are comprised of four SNARE motifs that 

zipper from N- to C-terminal (Hanson et al., 1997) forming a 4-helix bundle in parallel 

orientation. Zippering of the SNAREs generates energy to pull the two membranes (vesicular 

and plasma membrane) in to close proximity and causes a membrane merger or a fusion pore. 

Studies have shown that the trans-SNARE complexes can zipper all the way into the 

transmembrane domain (Stein et al., 2009; Risselada et al., 2011). Further dilation of the fusion 

pore fully integrates the vesicular membrane into the plasma membrane emptying the content of 

the vesicles into the extracellular space. 

 

Figure 4. SNARE proteins.  
v-SNARE protein, synaptobrevin (blue) and t-SNARE proteins syntaxin (red) and SNAP-25 (green) bind with each 
other to form a 4-helix bundle thereby linking the vesicular membrane to the plasma membrane as shown here in this 
trans-SNARE complex. Full zippering of SNARE proteins causes the two membranes to merge and release their 
contents into the extra cellular space. Transmembrane domains are depicted in yellow and the linker region of 
SNAP25 in brown. Probable location of Complexin (purple) and Synaptotagmin (yellow) is also shown. 

1.2 Exocytosis Regulation 

Neurotransmitter release is tightly regulated, spatially accurate and occurs at a very rapid pace 

in mammalian cells. For instance, at the active zones of nerve cell synapses, an action potential 

is transduced into vesicle fusion within less than 1 ms (Borst and Sakmann, 1996, Sabatini and 

Regehr, 1996). Such fast stimulus-secretion coupling is exquisitely dependent on the ambient 

Ca2+ concentration (Schneggenburger and Neher, 2005). However, it has been shown that 

without any additional factors, the three SNARE proteins operate independently of Ca2+ and 
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induce slow fusion in liposomes in vitro (Weber et al., 1998). Moreover, since SNARE proteins 

are constitutively active and are able to form complexes spontaneously (Sorensen et al., 2006; 

Jahn, Scheller 2006), it is possible that vesicles fuse spontaneously leading to premature loss of 

functionally distinct pool of primed vesicles. Apparently, SNARE mediated exocytosis is driven 

by additional proteins that confer Ca2+ sensitivity of the fusion process as well as the speed of 

stimulus-secretion coupling. The SNARE proteins require regulatory proteins like Complexin 

(Cpx) (McMahon et al., 1995; Chen et al., 2002) and Synaptotagmin (Syt) (Geppert et al., 1994) 

to confer speed and precision to the fusion process (Wojcik and Brose 2007). While Cpx is seen 

to potentially hinder the SNARE proteins from zippering completely, Syt is believed in general to 

be the Ca2+ sensor of the fusion machinery (Chapman, 2008). 

1.2.1 Complexins – small but capable 

Complexins, also called Synaphins, constitute a family of small (15-20 kDa), cytosolic 

(hydrophilic) proteins rich in glutamic acid and lysine residues. Four isoforms of complexin (1, 2, 

3 and 4) have been identified in mammals and are all predominantly expressed in the central 

nervous system (Reim et al, 2005; Brose, 2008). Cpx1 and Cpx2 display 86% sequence identity 

with each other and are widely distributed in the body but predominantly expressed in the brain. 

Cpx3 and Cpx4 exhibit a different pattern in structure containing 158 and 160 amino acids 

respectively as well as in their expression. Cpx1 and Cpx2 show limited homology (only 24-28% 

identity) with Cpx3 and Cpx4. Cpx3 has strong expression in the retina and lesser levels in the 

brain whereas Cpx4 is exclusively present in retinal ribbon synapses. Interestingly, Cpx3 and 

Cpx4 also contain on the C-terminus, a functional isoprenylation sequence (CAAX-box) also 

known as farnesylation site that is absent in Cpx1 and Cpx2. 

1.2.1.1 Function of Complexin 

Complexins operate by binding to SNARE complexes with high affinity. This binding is thought 

to stabilize and clamp SNARE complexes in a highly fusogenic state (Reim et al., 2001; Xue et 

al., 2007) which results in the ‘inhibition’ of primed vesicles from premature, un-triggered 

spontaneous secretion. Indeed, deletion of complexin in neuromuscular junctions of C. elegans 

has resulted in strong increase in spontaneous exocytosis (Hobson et al., 2011). In Drosophila 

neuromuscular synapses, genetic ablation of complexin increased spontaneous release by >20 

fold (Huntwork et al., 2007). Studies from our lab have demonstrated that in mouse chromaffin 

cells, loss of Cpx2 results in enhanced tonic secretion at submicromolar Ca2+ concentrations 

(>100 nM). Interestingly, on the other hand, overexpressing complexin in neurons and non-
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neuronal cells has provided strong evidence for the inhibition of vesicle secretion due to the 

‘clamp’ action of complexin in mouse (Dhara et al., 2014) and bovine (Archer et al., 2002) 

chromaffin cells.  

Loss of complexin not only leads to increased spontaneous release but also impairs evoked 

secretion. Therefore, complexin has also been implicated in playing a direct role in ‘facilitating’ 

evoked neurotransmitter release, (in the presence of Ca2+ stimulus) as revealed from several 

knock-down and knock-out studies (Xue et al., 2008; Cai et al., 2008; Cho et al., 2010; Yang et 

al., 2013; Lin et al., 2013). According to a study, complexin facilitates secretion by granting 

fusogenicity to primed vesicle pool (RRP) (Xue et al., 2010). The absence of complexin 

therefore exhibits remarkable reduction in evoked secretion because the vesicles reside in a 

more fusion-reluctant state. Research in our lab has demonstrated that in chromaffin cells 

lacking complexin, in addition to the diminished magnitude of evoked exocytosis, the rates of 

RRP and SRP are also slowed down. Moreover, loss of Cpx2 conferred a longer secretory 

delay between the stimulus and the onset of secretory response (Dhara et al., 2014). This de-

synchronization of release was also seen in fly and murine preparations, genetically lacking 

complexin (Iyer et al., 2013; Jorquera et al., 2012). 

In human beings, alteration in the expression levels of Complexin causes deficits in synaptic 

transmission. Such deficits are associated with symptoms of neurological disorders such as 

schizophrenia, depression, bipolar disorder, Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease, Wernicke’s encephalopathy, traumatic brain injury (Brose, 2008). 

1.2.1.2 Structural features of complexin: Distinct domains – Distinct functions 

Complexins are composed of multiple domains with distinct functions (Fig.5). NMR studies have 

revealed that Cpx lacks a tertiary structure but has a central helical region (Pabst et al., 2000). 

The central α-helical region (aa 26-83) that constitutes both the accessory α-helix (aa 28-47) 

and the SNARE binding (aa 48-70) domain is the ‘minimal clamping domain’ required for the 

proteins’ regulatory function (Giraudo et al., 2008). The central α-helix of Cpx (aa 48-70) is the 

main binding interface with which Cpx binds in an antiparallel orientation to the SNARE complex 

in the groove between Synaptobrevin and Syntaxin-1 helices (Bracher et al., 2002, Hu et al., 

2002, Bowen et al., 2005). Mutations in this region diminish the association of Cpx with the 

SNARE complex (Xue et al., 2007). Complexins are known to colocalize with SNAP receptors 

and bind very rapidly (≈ 5x107M-1.s-1) to SNARE complexes with high affinity (McMahon et al., 
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1995; Ishuzuka et al 1995) and with 1:1 stoichiometry (Cai, Chow 2008). In addition, interaction 

of Cpx with a 1:1 SNAP-25:Syntaxin1a complex has also been reported (Weninger et al., 2008). 

Cpxs 1 and 2 are shown to stabilize SNARE complexes and thereby maintain a readily 

releasable pool (RRP) of granules that is sensitive to Ca2+ (Reim et al., 2001; Chen et al., 2002). 

The interaction of Cpx with SNARE core complexes is crucial for regulating exocytosis. 

 

Figure 5. Structure of complexin-SNARE complex. 
Ribbon diagram of the mammalian complexin-SNARE complex. The central α-helix (aa 27-71) is flanked by 
unstructured amino and carboxy terminals. The binding of Cpx to the SNARE complex, between the SyntaxinI (red) 
and Synaptobrevin (blue) is crucial for all its functions. Note the antiparallel orientation of complexin with respect to 
the SNARE complex (adapted from Sutton et al., 1998 and Chen et al., 2002). 

Adjacent to the central SNARE binding α-helix, Cpx contains an accessory α-helix (aa 28-47) 

which does not contact the SNARE complex (Chen et al., 2002) but is known to enhance the 

SNARE binding of the central α-helix (Xue et al., 2007). The accessory α-helix can bind to the 

C-terminal region of a partially assembled SNARE complex and block the full zippering of the 

complexes, thereby inhibiting the neurotransmitter release (Giraudo et al., 2008, Krishnakumar 

et al., 2011). By competing with the binding of Syb2 to its cognate SNARE partners namely 

SNAP-25 and Syntaxin, the accessory α-helix of Cpx is thought to function as an ‘on-off’ switch 

for fusion (Giraudo et al., 2009). Another research group (Kümmel et al., 2011) studied the 

crystal structure of a complex formed between Cpx1 ‘superclamp’ mutant (having more 

hydrophobic interface with the SNARE complex leading to increased clamping efficiency) and 

Syb2 lacking its C-terminus. This study proposed that the accessory α-helix of Cpx may bind to 

one SNARE complex while the SNARE binding domain may be bound to another SNARE 

complex, thereby organizing SNARE complexes into a ‘zigzag’ array that hinders fusion. 
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Furthermore, Trimbuch et al., 2014 noticed that in the absence of the accessory α-helix, there is 

a tenfold decrease in the binding affinity of complexin’s SNARE binding domain to the SNARE 

complex. Since the accessory α-helix contains a number of negatively charged amino acids, this 

region may hinder secretion by enhancing electrostatic repulsions between the vesicle and the 

plasma membrane. This suggests that the accessory α-helix may indirectly affect the 

interactions between complexin and the SNARE bundle. Additionally, the helicity of this region 

may also be crucial to stabilize complexin’s binding to the SNARE complex. Using molecular 

dynamics simulation, another group showed that the accessory α-helix interacts with Syb2 in a 

way that arrests the zippering of the last (+7 and +8) hydrophobic layers (Bykhovskaia et al., 

2013). Yet another study proposed that complexins accessory α-helix putatively clamps an 

unidentified secondary Ca2+ sensor. In the absence of Cpx, activation of this Ca2+ sensor would 

lead to unrestricted vesicle fusion (Yang et al., 2010). 

The central helical region is flanked by unstructured sequences namely the N-terminal domain 

and the C-terminal domain. Pabst et al., 2002 reported that both these regions are susceptible 

to proteolytic degradation when Cpx-SNARE complex is formed suggesting that these regions 

are not involved in tight interactions and may stay unstructured. Later studies however showed 

that the N-terminal domain (aa 1-26) can fully rescue the evoked release in hippocampal 

neurons genetically devoid of Cpx1 (Xue et al., 2007). They reported that the very N-terminus of 

Cpx1 contains crucial residues (Phe3, Val4, Met5 and Lys6) that are important for exerting 

facilitatory function. Based on biophysical experiments and structural considerations, they also 

proposed that the N-terminus of Cpx has the potential to form amphipathic α-helix that can bind 

to the C-terminus of SNARE bundle and stabilize its assembly (Xue et al., 2010). Distinct N-

terminal sequences of complexin have also been shown to activate synchronous secretion and 

clamp the force exerted by trans-SNARE complexes on the fusing membranes (Maximov et al., 

2009; Yang et al., 2010). Previous work in our lab has shown that the N-terminus is responsible 

for shortening the secretory delay and accelerating Ca2+ -triggered exocytosis. Mouse 

chromaffin cells lacking the N-terminus (N, aa 27-134) also displayed reduced Ca2+-sensitivity 

of evoked release indicating a crosstalk between complexin and synaptotagmin, the Ca2+ sensor 

(Dhara et al., 2014).  

Regarding the C-terminal domain (aa 72-134) of complexin which was previously thought to be 

functionally inert (Xue et al., 2007), in vitro and in vivo experiments have shown that the C-

terminus can participate in ‘clamping’ spontaneous fusion in neurons (Cho et al., 2010; Buhl et 
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al., 2013; Kaeser-Woo et al., 2012; Martin et al., 2011). Cpx C-terminus was also seen to bind 

to Synaptotagmin (Tokumaru et al., 2008). Some studies also indicate that C-terminus of Cpx 

contains an amphipathic helix with which it could bind to phospholipids (Wragg et al., 2013; 

Seiler et al., 2009; Malsam et al., 2009). The C-terminus of Cpx, with the help of its amphipathic 

helix has been shown to target the protein to the vesicles in a curvature sensitive manner to 

inhibit spontaneous exocytosis (Wragg et al., 2013; Snead et al., 2014; Gong et al., 2016). In 

addition, experiments using C-terminus truncation mutant (C, aa 1-72) have demonstrated that 

complexin loses its ability to clamp tonic secretion in neuroendocrine cells (Dhara et al., 2014).  

Despite intensive research with regard to Cpx, a comprehensive view on the molecular 

mechanism by which Cpx hinders premature exocytosis is still a matter of discussion. In the 

present dissertation, we set out to delineate the action of C-terminal domain of Cpx in detail, 

even to the amino acid level. 

1.2.2 Synaptotagmins as Ca2+ sensors 

Under physiological conditions, an action potential causes the opening of voltage-sensitive Ca2+ 

channels, leading to a transient increase in the local Ca2+ concentration. By activating Ca2+ 

sensors, calcium triggers neurotransmitter release within a few hundred microseconds (Sabatini 

and Regehr., 1996). The two main determinants of neurotransmitter release are therefore the 

Ca2+ -dynamics (properties and location of Ca2+ channels, Ca2+ concentration, Ca2+ affinities and 

kinetics of local Ca2+ buffers, etc.) and the action of Ca2+ -sensors that translate the calcium 

signal into release. 

Synaptotagmins (Syts) are a family of membrane-trafficking proteins that are the most likely 

candidates to function as Ca2+ sensors of exocytosis (Chapman 2002; Koh and Bellen 2003). In 

mammals, at least 15 isoforms of synaptotagmins, all sharing a common domain structure, but 

different expression patterns and properties have been identified. Only 8 isoforms (-1, -2, -3, -5, 

-6, -7, -9, -10) can bind Ca2+ with different Ca2+ affinities (Craxton 2007; Gustavsson and Han, 

2009). The other Syt isoforms fail to bind calcium either because they lack the five critical acidic 

residues or since they cannot form proper calcium binding sites. Syt-1, -2 & -9 have been shown 

to function as Ca2+-sensors during fast, synchronous secretion in both synaptic and 

neuroendocrine systems (Xu et al., 2007, Brose et al., 1992, Perin et al., 1990). Syt2 is 

expressed in synapses such as neuromuscular junctions and calyx of Held and is known to 

trigger release much faster than Syt1. Syt9 on the other hand operates with a significantly 
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slower time course. Syt10 acts as a Ca2+ sensor secreting IGF-1 in olfactory bulb neurons (Cao 

et al., 2011, 2013). Syt7 has been shown to contribute to slow, asynchronous release in 

neuromuscular junction of zebrafish (Wen et al., 2010). In neuroendocrine cells, Syt7 co-

localizes with Syt1 and is shown to mediate Ca2+ triggered exocytosis with a slower time course 

(Schonn et al., 2008). 

The primary structure of synaptotagmin shows a transmembrane domain (TMD) towards the 

amino terminus and two calcium sensing domains (C2A & C2B) towards the carboxy terminus 

accounting for the majority of the protein (Fig.6). The C2 domains, being cytosolic are 

connected to the TMD by a central linker. Both C2-domains - C2A and C2B are each composed 

of eight-stranded, stable β-sheets with flexible loops present at the top and bottom. The C2A 

domain can accommodate 3 Ca2+ ions in its loop made of five aspartate residues (D172, D178, 

D230, D232, S235& D238). The C2B domains can host 2 Ca2+ ions in their loops via D303, D309, D363, 

D365 and D371 (Shao X et al., 1998; Fernandez et al., 2001). 

 

Figure 6. Structure of Synaptotagmin1. 
The C2AB domains were rendered from Fernandez et al., 2001; Shao et al., 1998 using PyMOL. The remaining 
protein segments were added using a drawing program. Ca2+ ions are shown as red spheres. The side chains of 
R233, K366, etc. within the Ca2+ binding loops are shown (adapted from Chapman, 2008). 

Several studies have shown that although both domains bind Ca2+ ions (Bai and Chapman 

2004b), they are not equivalent but only cooperate with each other. Mutations within C2A 

domain have shown ~50% reduction in evoked exocytosis due to changes not only in the overall 

Ca2+ affinity of Syt but also in the overall Ca2+ affinity of synaptic exocytosis (Fernandez-Chacon 

et al., 2001; Shin et al., 2009). However, when Ca2+ binding to C2B domain was blocked, 

synchronous secretion was fully blocked (Mackler et al., 2002). C2B binding is shown to be 

important for both Ca2+-dependent phospholipid binding and also for dislodging Cpx from 
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SNARE complexes demonstrating the importance of this domain (Pang et al., 2006). Thus, both 

C2-domains function cooperatively and the binding of Ca2+ to both domains trigger release to 

achieve the high cooperativity of Ca2+ triggering of release (Meinrenken et al., 2003). Initial 

studies on Syt1 have revealed that both C2 domains not only ‘sense’ Ca2+ ions but also bind to 

phospholipids (Fernandez et al., 2001; Davletov and Südhof 1992) and SNARE proteins 

(Chapman et al., 1995; Bennett et al., 1992) in a calcium dependent manner. Synaptotagmin via 

its interactions with SNAP25 was seen to be implicated in docking of vesicles (Chieregatti et al., 

2002). 

Both in neurons and neuroendocrine cells, neurotransmitter release is triggered by calcium and 

is composed of a fast, synchronous and a slow asynchronous component. A calcium 

concentration in the range of ~10-40 µM and a calcium cooperativity value of ~5 is required for 

synchronous secretion. However, low Ca2+ concentration (~2-9 µM) and low Ca2+ -cooperativity 

value (~2) is sufficient for asynchronous secretion (Südhof, 2004; Sun et al., 2007). Several 

studies have established that Syt1 is a low affinity Ca2+ sensor that is widely expressed in 

nervous and endocrine systems where it acts as a main calcium sensor during the rapid phase 

(RRP) of exocytosis. Genetic deletion of Syt1 in mice, Drosophila and Caenorhabditis elegans 

has selectively abolished the fast component (RRP) without affecting the slow, asynchronous 

secretion, indicating that Syt1 is required for rapid exocytosis (Geppert et al., 1994; Pang et al., 

2006; DiAntonio et al., 1993; Littleton et al 1993; Nonet et al., 1993). In chromaffin cells, Syt1 

deletion leads to selective loss of RRP (Voets et al., 2001b) and rescuing with different Syt 

isoforms leads to variable fusion kinetics (Nagy et al., 2006). These studies strongly support the 

view that Syt1 functions as the major Ca2+ sensor for synchronous (RRP) secretion.  Although 

no Ca2+ sensor has been identified for the asynchronous SRP secretion, other Syt isoforms 

might perform this function. For instance, Syt7 has been reported to function as a Ca2+ sensor in 

neurons and neuroendocrine cells (Südhof, 2011; Schonn et al., 2008). Loss of Syt7 alone 

leads to a 50% reduction in the exocytotic burst in mouse chromaffin cells (Schonn et al., 2008) 

as well as in insulin-secreting cells (Li et al., 2007; Gauthier et al., 2008). Syt7 is shown to be 

responsible for the slower phase of exocytotic burst that remains in Syt1 ko and further loss of 

Syt7 eliminates the residual slow burst, as demonstrated by Syt1/Syt7 dko experiments (Schonn 

et al., 2008). 
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1.2.3 Complexin – Synaptotagmin Interplay 

The mechanistic interplay between complexin and synaptotagmin is of central importance to 

better understand the two contrasting (facilitatory and inhibitory) actions of complexin. While the 

inhibitory action is brought about by Cpx C-terminus, the N-terminus is seen to facilitate fusion 

by increasing the Ca2+ sensitivity and release probability (Dhara et al., 2014). This implies that 

when cytosolic [Ca2+] reaches above-threshold (µM) levels, the complexin mediated ‘fusion 

clamp’ must be rapidly lifted off by an antagonistic action of Ca2+-bound Syt1 leading to full 

vesicular fusion. 

Based on invitro fusion experiments (Schaub et al., 2006; Giraudo et al., 2008; Krishnakumar et 

al., 2011; Malsam et al., 2012) and biochemical studies (Tang et al., 2006; Dai et al., 2007), it 

has been proposed that Cpx and Syt1 are mutually exclusive for binding on the SNARE 

complex and that Syt1 may antagonistically displace Cpx from the SNARE complex. However, 

other studies (Chicka et al., 2009) presented evidence for simultaneous binding of both proteins 

to the SNARE complex in a non-overlapping configuration and proposed that the antagonism 

does not come from competition for binding sites.  

Based on amperometry experiments investigating initial fusion pore dynamics, a push-pull 

mechanism between Cpx2 and Syt1 has been suggested, wherein Cpx restricts fusion pore 

expansion while Syt accelerates fusion pore dilation (Dhara et al., 2014). Thus, at the moment 

of Ca2+ rise, Syt1 overcomes Cpx2 mediated restraints on force transduction to initiate the 

formation and accelerates the dilation of fusion pore (even while both proteins remain residing 

on the SNARE complex). 

Another view proposes that conformational changes in the accessory α-helix and the N-terminus 

of Cpx determine its mode of action. Accordingly, the α-helix converges onto the SNARE 

complex to get into a closed conformation in order to trigger fusion. The placement of N-

terminus close to the C-terminal end of SNARE complex promotes full assembly of SNARE 

proteins. Cpx acts as an allosteric adaptor for Syt1 where Cpx modulates the Ca2+ dependency 

of release (Neher, 2010).  

Overall, the current consensus suggests that Ca2+-bound Syt1 antagonizes Cpx without 

dislodging it and such antagonism carries on even to very late stages of fusion process, where 

in Cpx inhibits fusion pore expansion and Syt1 promotes it. 



15 
 
 

1.3 Mouse Chromaffin cell – A model system to study neuronal signaling 

Adrenomedullary chromaffin cells are quite unique in that they are closely related to sympathetic 

ganglionic neurons. In addition to sharing a common embryonic origin, namely the neural crest 

(Kobayashi, 1977), they also share some of the biochemical properties of neurons such as the 

possession of voltage-dependent Ca2+ and Na2+ channels and the expression of a large number 

of receptors and neuronal-specific proteins. Chromaffin cells are also excitable and are capable 

of firing action potentials which result in secretion (Aunis 1998). Chromaffin cells have a 

diameter of about 10 µM and store catecholamines within small (100-200 nm) membrane-

bound, subcellular organelles called chromaffin granules also known as large dense core 

vesicles (LDCVs) (Burgess and Kelly, 1987) which are analogous to the synaptic vesicles found 

in neurons. Chromaffin granules also contain soluble proteins such as chromogranins 

(Kirschner and Kirschner, 1971) and membrane proteins (Winkler, 1971).  

Chromaffin cells can synthesize, store, and secrete a wide range of bioactive substances like 

neuropeptides, growth hormones, endorphins and most importantly epinephrine and 

norepinephrine. Release of hormones and other proteins in chromaffin cells occurs by the 

process of ‘exocytosis’ (Smith and Winkler, 1972; Smith et al., 1973) and is Ca2+ dependent 

(Garcia et al., 2006). Briefly, in response to acetylcholine released by preganglionic sympathetic 

nerve fibers that innervate the adrenal medulla (Feldberg et al., 1932), nicotinic receptors on the 

cells’ surface are activated, allowing for the entry of Na2+ and depolarization of the cell 

membrane. As a result, voltage gated Ca2+ channels open up letting extracellular Ca2+ to enter 

the cell. This elevation in cytosolic Ca2+ concentration triggers the delivery of catecholamines 

into the extracellular space.  

The adrenal chromaffin cells are one of the best sources of current knowledge on 

neurotransmitter release (Rettig and Neher, 2002; Sorensen 2004), the others being the 

goldfish bipolar ribbon synapses (von Gersdorff and Matthews 1999) and Calyx of Held 

(Schneggenburger et al., 2002) which are unusually large.  Due to the larger size, spherical 

shape, and lack of extended processes in chromaffin cells, whole-cell patch clamp recordings of 

changes in membrane capacitance are greatly favored. Increase in membrane capacitance 

reflects increased surface area of the cell membrane as a result of vesicle fusion. In contrast, 

neurons permit measurement of post-synaptic currents (mEPSCs) which represent the sum of 

several presynaptic as well as postsynaptic factors. Several effectors can play a role in this 

indirect estimation of signal transduction such as diffusion across synaptic cleft, postsynaptic 
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receptor opening kinetics, etc. (Becherer and Rettig, 2006). Chromaffin cells also permit the use 

of flash photolysis, a technique that requires the exchange of pipette solution with the cytosolic 

compartment and uncages caged Ca2+, rapidly and homogenously, increasing intracellular Ca2+ 

levels for fusion stimulation. Furthermore, the combination of carbon fiber amperometry to 

directly assay the kinetics of fusion from single vesicles released from chromaffin cells provides 

two independent measures of exocytosis. Finally, chromaffin cells grant more feasibility for 

tracking and visualizing vesicles near the cell membrane using total internal reflection 

fluorescence microscopy (TIRFM) (Steyer and Almers 2001).  
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2 Aim of thesis 

Complexin and Synaptotagmin have been implicated to ensure temporal precision and speed 

delivery of vesicular contents in SNARE mediated exocytosis. The precise molecular 

mechanism of how these proteins coordinate this process is still unclear. Research in our lab 

has previously demonstrated that the C-terminus (last 62 amino acids) ‘clamps’ premature 

exocytosis and that the N-terminus (first 26 amino acids) shortens the secretory delay and 

accelerates the kinetics of Ca2+ triggered exocytosis. Once thought to be functionally inert, the 

unstructured C-terminus is now seen as a domain necessary to clamp fusion. But, how does the 

C-terminus accomplish this? Amounting to almost half of the protein, which motifs and amino 

acids exactly bring about this clamp activity and how? Given the functional relevance of this 

region, we set out to perform a detailed structure-function characterization of complexin. The 

first aim of this thesis work has been to pinpoint crucial ‘determinants’ by which complexin C-

terminus regulates exocytosis. To this end, Cpx2 variants with different truncations and 

substitutions of potentially crucial amino acid residues were designed. Taking advantage of 

whole-cell patch clamp recording of membrane capacitance and simultaneous uncaging of 

caged calcium, both asynchronous and synchronous secretion in mouse adrenal chromaffin 

cells were investigated. 

Ca2+ triggered exocytosis also depends on protein-protein interactions. It is believed that the 

binding of synaptotagmin to SNARE complex antagonizes the inhibitory actions of complexin 

(Tang et al., 2006). Previous work in our lab has shown that complexin (N-terminus) increases 

the Ca2+ affinity of phasic release, potentially by adapting the major Ca2+ sensor Syt1 (Dhara et 

al., 2014). Double knock out (Cpx2-/-Syt1-/-) experiments in chromaffin cells presented a 

phenotype that was virtually identical to that of Syt1 ko, leaving a moderate exocytosis with 

slower kinetics. Since mouse chromaffin cells also express a secondary Ca2+ sensor - Syt7, we 

also set out to define the actions of Cpx2 and Syt7 on vesicle release process and clarify how 

they regulate the Ca2+ triggered apparatus. For this, electrophysiology experiments using single 

null mutants for Cpx2 and Syt7 and double mutants (Cpx2/Syt7 dko) were conducted. 

Overall, this study focuses on pinpointing crucial properties of Cpx2 and Syt7 that guide 

SNARE-mediated exocytosis in a functional ballet from pre- to post fusional stages.  
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3 Materials and Methods 

3.1 Materials 

Unless otherwise mentioned, all reagents and chemicals were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Other products such as falcon tubes, six-well plates, Petri dishes, etc. were 

obtained from Life Technologies (Carlsbad, California, USA). 

Cell culture solutions 

Locke’s solution 

NaCl   154 mM  

KCl   5.6 mM 

NaHCO3 3.6 mM 

Hepes  5 mM 

Glucose 5.6 mM (pH 7.3) 

Enzyme Solution 

 DMEM   (31966, 4.5g/L glucose and Pyruvate) 

 l-cysteine  (use free base, 121.14; conc: 1.64 mM) 

 CaCl2dihydrate (147.02 MW; conc: 1 mM) 

 Na2EDTA   (372.2 MW; conc: 0.5 mM) 

pH: 7.3; Osm: 340 mOsm 

Inactivation Media 

 DMEM (31966, 4.5g/L glucose and Pyruvate) 

 Fetal Calf Serum (heat inactivated) 

 Trypsin Inhibitor 

 Albumin  

Cell culture medium 

Isolated chromaffin cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(4.5g/L glucose and Pyruvate), supplemented with 1% Insulin-Transferin-Selenium-X 

(Invitrogen, San Diego, CA) and 0.4% penicillin-streptomycin (Invitrogen, San Diego, CA) in a 

humidified atmosphere (8% CO2) at 37°C.  
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Virus Activation solutions 

Chymotripsin (2g/ml) 

 20 mg Chymotrypsin (extracted from bovine pancreas) 

 10 ml OptiMEM (Gibco, Invitrogen, San Diego, CA) 

Aprotinin (6g/ml) 

 60 mg Aprotinin (extracted from bovine lung) 

 10 ml OptiMEM 

BSA solution – 6.5% (w/v) (6.5g/ml) 

 65 mg Bovine Serum Albumin 

 10 ml OptiMEM 

Immunocytochemistry solutions 

10X PBS:   1.36 M NaCl, 25 mM KCl, 15 mM KH2PO4, 65 mM Na2HPO4 

1X PBS:  100 ml (10X) PBS, 500 µl (1M) CaCl2, 2 ml (1M) MgCl2, final volume 

made up to 1000 ml with double distilled water (DDW) pH 7.4, 320 

mOsm/kg) 

4% PFA: 1g PFA in 50ml (1X) PBS, pH 7.3  

Quenching buffer:  0.1g NH4Cl, 40 ml (1X) PBS 

Blocking buffer: 15g BSA, 0.75g Triton (100X), 500 ml (1X) PBS 

3.2 Transgenic mice 

All experiments in this study were performed on isolated chromaffin cells from wild-type (wt), 

Complexin2 ko (Cpx2 ko), Synaptotagmin7 ko (Syt7 ko), and Complexin2/Synaptotagmin7 

double ko (Cpx2/Syt7 ko) mice. Animals were bred, maintained, and prepped according to 

German Animal Health Care Regulations. Complexin2 ko mice (Reim et al., 2001) were kindly 

provided by Dr. N. Brose (MPI, Göttingen, Germany). Synaptotagmin7 ko mice were purchased 

from Jackson Laboratory (Bar Harbor, USA). Both Cpx2 ko and Syt7 ko mice are viable and 

fertile (Chakrabarti et al., 2003). Double-deficient mouse line (Cpx2-/-, Syt7-/-) used in this study 

was produced by cross-breeding Syt7 heterozygosity onto a Cpx2 homozygous null 

background. Corresponding double knock out mutants were recovered at the expected 

Mendelian ratio (Fig.7). 
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Figure 7. Breeding plan of Cpx2-Syt double knock out mutant animals. 
+/+ homozygous wt; +/- heterozygous; -/- homozygous null mutant animal. Paired genotypes are marked with X. 

3.3 Genotyping 

The genotype of new born pups was routinely determined before isolating chromaffin cells from 

wt, Cpx2 ko, Syt7 ko, and Cpx2/Syt7 dko. Pups with specific genotype were identified from the 

offspring/litter, after detecting their genotypes using PCR. For this purpose, new born pups (P0, 

P1) were labelled and small tail pieces (~2 mm) were collected into prelabelled Eppendorf 

tubes. To extract genomic DNA, each tail piece was digested for 15 minutes at 75° C in a 

solution containing 88 µL Sigma water, 10 µL Fast Extract Buffer (KAPPA Mouse Genotyping – 

PeqLab) and 2 µL Fast Extract Enzyme Buffer (KAPPA Mouse Genotyping – PeqLab).  To 

inactivate the reaction, the tubes were transferred to 95° C for 10 minutes and 100 µL Sigma 

water was added to dilute the extracted DNA. Following a 13000-rpm centrifugation for 2 mins, 

2 µL of the supernatant (DNA extract) was used for further PCR reaction. 

3.3.1 Polymerase Chain Reaction (PCR) 

The PCR Master Mix contained Green Kappa Mix, MgCl2, DMSO, and the corresponding 

forward and reverse primers (wt or mutant primers) along with sigma water. 

Ingredients for PCR 

 Green KAPPA Mix 6.25 µl 

 MgCl2 (25 mM) 0.5   µl 

 DMSO   1.25 µl 
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 Forward Primer 1.25 µl 

Reverse Primer 1.25 µl 

H2O   13.5   µl 

DNA   1      µl 

All primers used in the PCR were purchased from Eurofins MWG Operon (Ebersberg, 

Germany) and used at a final concentration of 25 pM/µl. 

Cpx2 Primers 

Cpx2-/- Forward:  5’- CAG GCA CAC TAC ATC CCA CAA ACA -3’ 

Cpx2-/- Reverse:  5’- CGC GGC GGA GTT GTT GAC CTC G -3’ 

Wildtype Forward:  5’- CGG CAG CAG ATC CGA GAC AAG -3’  

Wildtype Reverse:  5’- GAG AGG GGC ATG AAG TCA AGT CAG -3’ 

Syt7 Primers 

 Syt7 Mutant Forward:  5’- CCT ACC TGA AGC CTG TGT TCA C -3’ 

 Syt7 Neo-Forward:   5’- CAG CTG TGC TCG ACG TTG TCA CTG -3’ 

 Syt7_wt_Forward:   5’- CAT CCT CCA CTG GCC ATG AAT G -3’ 

 Syt7_wt_Reverse:   5’- GCT TCA CCT TGG TCT CCA G -3’ 

Two genotyping-PCR protocols were designed and run separately – one for wild type and the 

other for mutant alleles (Cpx2 and Syt7). PCR protocols were carried out in a T1 thermocycler 

(Biometra). 

Wildtype Reaction 

 

Mutant Reaction 

Temp (°C) Time (mins) Temp (°C) Time (mins) 

94 05:00 94 05:00 

94 00:30 

41 Cycles 

94 00:45 

64 00:45 59 00:30 

72 01:00 72 01.00 

72 07:00  72 07:00 

3.3.2 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to separate DNA fragments of different lengths. To 
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prepare the required 1.8% gel, agarose powder (1.8g) was mixed with 100 mL of 1x TAE (Tris-

acetate-EDTA) buffer (40 mM TRIS, 20 mM acetic acid and 1 mM EDTA). By heating the 

solution in a microwave oven, the agarose was completely dissolved. Ethidium Bromide (final 

concentration 0.5 µg/mL) was added on the surface of the tray and the warm agarose mix (~60 

°C) was poured into the casting tray and was allowed to polymerize at room temperature. Once 

the gel was solidified, the comb was removed and the gel tray was introduced into the 

electrophoresis chamber (Bio-Rad) and covered with 1X TAE buffer. The PCR products 

samples, corresponding controls were then loaded next to a standard marker (1 kb DNA 

ladder). The electrophoresis was performed at a voltage of 5 V/cm and when adequate 

migration occurred, the gel was visualized and photographed in a gel documentation system. 

Bands were observed at 600 bps for wild type and 350 bps for mutant (Cpx2 ko) reactions. For 

Syt7, wild type bands were observed at 400 bps and 800 bps for Syt7 ko mutant reactions. 

3.4 Chromaffin cell Preparation 

Chromaffin cells were isolated from the adrenal glands of wild type and knock out pups as 

described by Borisovska et al. (2005). The pups were decapitated and adrenal glands were 

removed rapidly and placed in ice-cold Locke’s solution. The excessive fat and connective 

tissue around the glands were trimmed off and clean glands were transferred into a sterile 15 ml 

falcon tube containing enzyme media with activated Cysteine-Papain (20-30 U/ml; Worthington 

Biochemical Corporation). The ‘enzyme-papain’ solution was pre-equilibrated with carbogen in a 

water-bath set at 37 °C for 15 minutes. After incubating the glands for 20-30 min, the papain-

enzyme solution was carefully pipetted out and the glands were washed with pre-warmed 

culture medium (enriched DMEM). To stop the enzyme activity, inactivation solution was added 

and the glands were further incubated for 5 mins and then washed with culture medium once 

again under the hood. Finally, 300 µl of freshly prepared enriched DMEM (100 ml DMEM 

supplemented with 0.4 ml penicillin/streptomycin and 1 ml Insulin-Transferrin-Selenium-X; 

Invitrogen) was added to each falcon tube and the glands were gently triturated until the tissue 

was completely dissociated. Additional medium was added to dilute the cell suspension as 

desired. 100 µl of cell suspension was plated on 25 mm glass coverslips (uncoated and UV 

irradiated) placed in sterile 6-well plates. The cells were allowed to settle and adhere to the 

glass surface for about 30 minutes in the incubator at 37°C and 8% CO2.  Then, 3ml of enriched 

DMEM was added to each of the six-well plates and further cultured for 2 days. All 

electrophysiology and immunocytochemical experiments were performed on 2-3 days of culture 



23 
 
 

at room temperature. 

3.5 Expressing target gene in chromaffin cells 

Semliki Forest Virus (SFV) system was used to infect chromaffin cells and subsequently have a 

gene of interest expressed. First, the virus containing the mutant gene (stored at -80 C) was 

thawed and activated by adding chymotrypsin (110 µL) and OptiMEM (350µL). After incubation 

at RT for 45 min, the reaction is inactivated by adding BSA (110 µL) and Aprotinin (110 µL). 

Approximately, 60 µL of solution with active virus particles (containing the gene of interest) was 

added towards the inner walls of the wells containing culture chromaffin cells and incubated 

(37°C & 8% CO2). Electrophysiological experiments were done after 5.5 hours of transfection 

and immunocytochemical experiments were done after 3.5 - 4 hours of transfection. 

3.6 Detecting infected cells on the patch setup 

Virus infected cells expressing the gene of interest (e.g. Cpx21-100, Cpx21-115, Cpx2E/A, etc.) were 

identified at the patch setup with the help of GFP illumination (480 nm) and their membrane 

capacitance recorded. Since cDNAs were subcloned into viral plasmid pSFV1 (Invitrogen) 

upstream of an independent open reading frame that codes for enhanced green fluorescent 

protein (EGFP), cells expressing GFP also express the upstream protein of interest indicating 

successful viral transfection in the cell. A list of all Cpx2 mutants expressed by SFV system in 

this study is listed here below. 

1. Cpx2:   wt Cpx2 protein (1-134 amino acids) (used for rescue or  

    overexpression)  

2. Cpx21-100:  last 34 amino acids towards the C-terminus of Cpx2 truncated 

3. Cpx21-115:  last 19 amino acids towards the C-terminus of Cpx2 truncated 

4. Cpx2L124E/L128E:  Leucines at 124th and 128th positions of Cpx2 exchanged to  

     Glutamic acid (glu, E) 

5. Cpx2L124W/L128W: Leucines at 124th and 128th positions of Cpx2 exchanged to 

Tryptophan (trp, W) 

6. Cpx2E/A:  a stretch of 7 glutamic acids starting from 108 through 114 

exchanged to alanines (ala, A)  

7. Cpx253:  first 53 amino acis towards the N-terminus of Cpx2 truncated 

The structure of Cpx2 as well as its amino acid sequence showing different domains and 
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indicating the regions and amino acids that are truncated or substituted are shown in the figure 

below.  

 

 

Figure 8. Structure of Complexin2 (mus musculus). 
Cpx2 is comprised of a central α-helix flanked by unstructured N-terminus and the C-terminus (Top panel). The amino 
acid sequence of Cpx2 shows each distinct domain highlighted by a different color. N-terminal domain – yellow; 
accessory α-helix – pink, SNARE binding domain – green, and the C-terminal domain – grey (Lower panel). 

3.7 Patch Clamp experiments - Capacitance measurements 

With the help of patch-clamp technique, originally developed to study the conductivity of ion 

channels in cells (Neher and Sakmann, 1976; Hamill et al., 1981), it is possible to clamp a 

mouse chromaffin cell membrane at a physiological resting potential (-70 mV) or a defined 

voltage. Simultaneously, the cell can be perfused with intracellular solution containing a defined 

Ca2+ concentration, via the patch pipette. The resulting small currents (amounting to 

picoamperes) can be recorded (Neher and Marty, 1982). In order to monitor the changes in 

membrane capacitance and measure the currents as an assay for granule exocytosis, a 

particular geometrical arrangement between the pipette and the cell is essential. The ‘whole-

cell’ patch clamp mode is a standard configuration employed to study these changes in 

chromaffin cells (Fig.9A). To achieve this arrangement, first, a patch pipette is placed in direct 

contact with the cell, gently pressed onto the cell surface, in order to establish a tight, high 

resistance ‘seal’ (giga-Ohm range) against the tip (1-2 µm) of a glass pipette. By applying 

pulses of suction to the pipette interior, the region of cell membrane, covered by patch pipette is 

ruptured open. 
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Figure 9. Whole cell patch clamp configuration 
(A). A glass pipette (≈ 4 MΩ) filled with intracellular solution is brought near a healthy cell. Releasing the positive 
pressure, previously applied allows the formation of a tight seal (1 GΩ). Gentle suction through the glass pipette 
ruptures the cell surface within the tip region thereby allowing the cell membrane to be in continuation with the 
pipette. (B). Minimum equivalent circuit of a cell patched in whole-cell configuration. RS is the series/access 
resistance through the patch pipette, whereas RM and CM are membrane resistance and membrane capacitance 
respectively. 

3.8 Principles of membrane capacitance measurements 

Excitable cells such as neurons and chromaffin cells transfer signals electrochemically. The cell 

membrane (phospholipid bilayer) serves as an insulator separating two conducting solutions, 

namely the intracellular fluid and the extracellular fluid (ringer/bath), both containing charged 

ions. It also carries ion channels or pores which open sporadically allowing the flow of ions 

(current), maintaining a relatively greater number of negative charged ions inside the cell than 

on the outside. The difference in voltage of the fluids inside a cell and outside a cell creates a 

resting membrane potential, which is usually about -70 mV. When there is any change in the 

voltage across the insulator, charge builds up at the interface, since current cannot flow directly 

across the insulator. Thus, the cell membrane by accumulating charge resembles a ‘parallel 

plate capacitor’ and the capacitance of a membrane is described as membrane capacitance 

(CM). The capacitance of a cell is directly proportional to the surface area of the cell, since the 

more area a cell membrane has, the more charge it can carry. The capacitance of most 

biological membranes is considered to be 1 µF/cm2 (Cole., 1968; Fenwick et al., 1982). 

Furthermore, the cell membrane also acts as a ‘resistor’, since it resists/blocks the free flow of 

ions. The resistance given by a cell is expressed as membrane resistance (RM) and is a 

measure of how easily ions move across the cell membrane. From an electrical point of view, a 

typical ‘whole cell’ patch clamp scenario would involve a connection between two resistors and 
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a capacitor (a 3-element system). While the cell membrane represents a capacitor (CM) and a 

resistor (RM) connected in parallel, the patch pipette acts as an additional resistor (RS) that is 

connected to the cell in series as shown in Fig.9B. 

3.8.1 Capacitive and Resistive currents 

The main idea behind the measurement of membrane capacitance is that when voltage across 

the cell membrane changes, current flows proportionally, or in other words, the cell membrane 

accumulates charge. The flow of current across a capacitor (cell membrane) is described as: 

            IC = CM*dVC/dt              

When there is no change in voltage (no movement of ions across the membrane), there is no 

collection of charge and therefore no flow of capacitive current. And the flow of current across a 

resistor can be calculated using Ohm’s Law: 

IR = VC/RC 

Thus, when voltage changes, the resulting current signal (IP) is a sum of two currents, namely, a 

resistive current (= VC/RC) and a capacitive current (= CM*dVC/dt):  

IP = VC/RC + CM*dVC/dt 

By knowing the voltage and measuring the charge currents upon a set potential change, it is 

possible to estimate the membrane capacitance simply by separating the capacitive currents 

from resistive currents. 

3.8.2 Time-domain Technique 

Furthermore, charging current decays with a time constant () that is a function of RS and CM. 

Any change in voltage (V) results in a current signal that has two components namely an initial 

transient current (Io) that relaxes exponentially and a constant current (Ir). The time course is 

given by the following equation., 

  i(t) = (Io – Ir)exp(-t/)+Ir 

where t represents time after the voltage step and  is the time constant of the decay of Io, as 

shown in the scheme below. This equation can be fitted to the current response in order to 

obtain estimates on the circuit parameters indicated in Fig.9B (RS, RM, CM):  

RS = V/Io    

RM = (V – RSIr)/Ir 

CM = t(1/RS+1/RM) 
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3.8.3 Stimulation Protocol 

The most common approach for estimating changes in membrane capacitance with high-time 

resolution and sensitivity is to apply a sinusoidal excitation/voltage (v(t) = Vocost, where  is a 

frequency) and analyze the resulting sinusoidal current (Lindau and Neher, 1988; Chen and 

Gillis, 2000; Neher and Marty, 1982). This method is based on the principle that ohmic/resistive 

currents flowing through a membrane conductance are ‘in-phase’ with the voltage, whereas 

capacitive currents are ‘phase shifted’ by 90°, with respect to membrane voltage. Therefore, 

when a sinusoidal voltage is applied through the pipette to the cell, across a cell membrane that 

acts both as a resistor and a capacitor, it results in a resistive current that is in-phase with the 

voltage signal and a capacitive current that is phase shifted by 90° between the applied voltage  

and the resulting current.  

IR(t) = v(t)/RM = (Vo/ RM)*cost   [RM = (Vo/IR(t))* cost] 

  IC(t) = Cdv(t)/dt = -CVosint 

Membrane capacitance (CM) can be calculated using the equation: 

CM = -IC(t)/w*Vosint 

Thus, the differences between the input voltage and the output current signals with respect to 

amplitude and phase carry the information about the electrical properties of the circuit in a 3-

element system described in Fig.9B.  

3.8.4 The ‘sine wave + DC’ technique 

The ‘sine wave + DC’ technique, developed by Manfred Lindau and Erwin Neher (Lindau and 

Neher, 1988) allows high resolution measurement of tiny changes of membrane capacitance 

(CM) and membrane conductance (GM) by minimizing the amplification of background noise. 

Most importantly, this method applies DC (direct current) along with sine wave stimulus, to 

obtain CM estimates/values that are independent of changes in resistive components (RM + RS): 

  IDC = VDC – ER / (RM + RS) 

where ER is assumed to have a constant value for a given cell and ionic composition of the 

pipette solution. The current signal produced as a result of sinusoidal voltage is fed into a lock-in 

amplifier that is phase sensitive. This lock-in amplifier separates the current signal into two 

components namely, a component ‘in-phase’ with stimulus voltage and a component 90° ‘out-of-

phase’ with the stimulus voltage. An automated computer routine (Gillis, 2000) is used to 

calculate the three circuit parameters (RS, RM and CM) from the in-phase component, out of 

phase component as well as the DC-signal quantities.  
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An EPC-10 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) along with Pulse software 

(v. 8.53) was used to acquire current signals at a digitization rate of 20 kHz. To calculate Rs, 

Rm, and Cm, the X-chart extension of Pulse software was used. DC-holding potential was set to 

-70 mV, sine wave stimulus to 1000 Hz and peak to peak amplitude was set to 35 mV. 

Electrophysiological recordings were performed on mouse adrenal chromaffin cells (3-5 pF) 

when they were between 1.5 and 2.5 days old in culture. Cells were bathed in extracellular 

Ringer’s solution containing (mM) 130 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 30 glucose, as well as 10 

Hepes-NaOH, pH 7.3., and 320-325 mOsm. Glass pipettes (Science Products) that are Sylgard 

coated were pulled on a programmable puller (P-1000, Sutter Instruments, CA, USA) and were 

heat polished. The pipette solution for flash experiments contained (mM) 110 Cs-glutamate, 8 

NaCl, 3.5 CaCl2, 5 NP-EGTA, 0.2 fura-2, 0.3 furaptra, 2 MgATP, 0.3 Na2GTP, 40 Hepes-CsOH, 

pH 7.3, and 320 mOsm. Whole cell mode was achieved by initially applying a gentle positive 

pressure through the glass pipette. Pipettes were placed in contact with the chromaffin cells and 

releasing the pressure ensured the formation of high resistance giga seal between the cell and 

the patch pipette. Patch pipettes had a tip diameter of about 1-2 µM and a pipette resistance of 

4-6 M. A brief suction through the glass pipette break opens the cell and allowed for continuity 

between the cytosol and the intracellular solution within the pipette. All measurements were 

carried out at room temperature.  

3.9 Flash photolysis and Ca2+measurements 

UV-Flash photolysis is a technique in which a biologically relevant molecule (e.g., ATP or Ca2+) 

is rendered inactive by its linkage to a chemical group (the “cage”). A pulse of intense light in the 

near ultraviolet range (UV; 350-360 nm) breaks the photolabile bond thereby releasing the 

active compound. In this study, whole-cell capacitance measurements were performed in 

combination with flash photolysis of caged Ca2+ as well as ratiometric measurements of [Ca2+]i, 

as described previously (Borisovska et al., 2005). The pipette solution contained nitrophenyl-

EGTA (NP-EGTA), a Ca2+ chelator (supplied by Dr. Ellis-Davis, MCP Hahnemann University, 

Philadelphia, PA) and Ca2+ indicators FURA-2 and Furaptra (Molecular Probes, Eugene, OR) 

along with Ca2+ and other substances. The concentration of unbound or free Ca2+, for a freshly 

prepared pipette solution was adjusted to be in nanomolar range (~600-800 nM). A typical 

measurement of changes in CM began with attaining whole cell configuration between the 

pipette and the chromaffin cell (1.5 DIC). With the application of gentle suction, cells were 

opened and perfused with pipette solution (free Ca2+ ~600-800 nM) for 120 s, in order to allow 
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‘priming’ of granules, while simultaneously recording the membrane capacitance. Subsequently, 

a UV-light flash was applied, which uncages caged Ca2+, thereby rapidly increasing cytosolic 

Ca2+ concentration (~ 20 mM). This results in synchronized exocytosis of large dense core 

vesicles from isolated mouse chromaffin cells. The post-flash recording usually continued for 6 

seconds and then stopped.  

Intracellular Ca2+ concentration was accurately determined with the help of ratiometric, dual 

excitation Ca2+ indicators namely Fura-2 and Furaptra (included in the pipette solution). Fura-2 

in unbound/free state gets excited at 380 nm and in bound form at 340 nm. The emitted light is 

measured at around 510 nm (Fig. 10). Furaptra also exhibits similar spectral properties except 

that they occur at higher Ca2+ concentrations. Since, Fura-2 has a high affinity for Ca2+ (Kd ~145 

nM) which is comparable to endogenous resting Ca2+ levels and Furaptra has a low Ca2+ affinity 

(Kd ~25 µM), both these indicators are ideal to supervise changes in intracellular Ca2+ levels 

from submicromolar to micro molar range. 

 

 

 
Figure 10. Excitation spectra of Fura-2. 
Fura-2 in solutions with different Ca2+ concentrations (0 – 39.8 µM) determined at emission wave length of 510 nm. At 
zero or low Ca2+ levels, the fluorescence intensity is highest at 387 nm. However, as Ca2+ concentration increases, 
the fluorescence intensity peaks around 340 nm (Reference: Molecular Probes). 

In this study, a multiwavelength illumination system (monochromator), with an integrated light 

source (Polychrome IV, T.I.L.L. Photonics, Planegg, Germany) was used to quickly (1.5 ms) 
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switch between 340 and 380 nm to excite Fura-2, Furaptra, while the emitted light was 

measured at 510 nm. A Ca2+ calibration curve was constructed to convert the ratio R of the 

fluorescence intensities at 340 and 380 nm into intracellular calcium concentration (Fig. 11).  

 

Figure 11. In vivo calibration curve for a Furaptra – Fura-2 mix.  
Ratios of fluorescence signals at 380 and 340 nm illumination were measured using pipette solutions containing Ca2+ 
buffered to the indicated concentrations. Each data point represents the mean of three to five experiments. 
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Each data point in the curve corresponds to the mean ratio obtained during whole-cell patch 

clamp recordings on chromaffin cells with intracellular solutions buffering free Ca2+ of known 

concentrations (Voets et al., 2000). For this, two sets of stock solutions were made – one 

containing a high affinity Ca2+ chelator, 1,2-bis (2-aminophenoxy) ethane-N,N,N′,N′-tetra acetate 

(BAPTA) and the other containing a low affinity Ca2+ chelator namely 1,3-diaminopropane-2-ol-

N,N′-tetra acetate (DPTA). Since DPTA is pH sensitive, the pH was adjusted additionally using 

CsOH for all solutions containing DPTA. Each stock solution (64 µl) was mixed with 10X Mg-

ATP/Na2-GTP solution (8 µl) and 10X Fura-2/Furaptra solution (8µl). A final osmolality of 280 – 

320 mOsm/kg and a pH of 7.2 – 7.3 was ensured by supplementing the solution with Cs-

glutamate. The ratiometric values (380/340) obtained from each intracellular solution were 

plotted in a logarithmic scale. 

The following equation was used for fitting the experimental data: 

 R = Rmin – R1([Ca2+]i/([Ca2+]i+Kfura)) – R2([Ca2+]i/([Ca2+]i+Kfuraptra))  

where Rmin reflects R at [Ca2+]i = 0 (30 mM BAPTA, no CaCl2), (Rmin – R1 – R2) reflects the ratio 

measured with pipette solution containing 10 mM CaCl2 and without any chelator (BAPTA or 

DPTA). The parameters determined after fitting (Rmin = 4.46; R1 = 2,86; R2 = 1,62; Kfura = 87.3 

nM; Kfuraptra = 47.2 µM) were further used to convert ratiometric signal into [Ca2+]i. 

3.9.1 The primed vesicles and their kinetics 

Ca2+-triggered exocytosis in neurosecretory cells has been well studied using a combination of 

biophysical techniques such as fluorescent dye based Ca2+ imaging, flash photolysis of Ca2+-

chelator (NP-EGTA), carbon fiber amperometry, and patch-clamp measurement of membrane 

capacitance. High time resolution experiments in adrenal chromaffin cells have shown two 

components in exocytosis, namely an initial fast phasic component (within milliseconds) known 

as the Exocytotic Burst (EB) and a second component that is slow and sustained (for few 

seconds) (Voets et al., 1999). The phasic exocytotic burst (EB) includes secretion from two 

distinct populations of ‘primed’ vesicles known as the readily releasable pool (RRP) and slowly 

releasable pool (SRP) as shown in Figure 12. Although both RRP and SRP are fusion 

competent, the rate at which they are released is largely different. The RRP represent fully 

mature vesicles present very close to the Ca2+ channels on the plasma membrane waiting only 

for the elevation in [Ca2+]i to undergo fusion. At the moment of Ca2+ entry, the RRP is partially or 

fully depleted rapidly within tens of milliseconds (≈20 ms), causing a secretory exhaustion until 

the pool is refilled with newly arrived vesicles. Several studies have suggested that besides 
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acting as a trigger, increase in [Ca2+] also accelerates the priming reaction as in squid giant 

synapses (Kusano and Landau 1975), in chromaffin cells (Bittner and Holz, 1992; Smith et al., 

1998) and also in neuronal synapses (Dittman and Regehn, 1998). The SRP is also primed part 

of the EB, but has a slower release rate (≈300 ms).  

 
Figure 12. Vesicle pools and Flash response  
(A) Newly synthesized vesicles from the depot pool enter the unprimed pool. Some of them dock morphologically at 
the plasma membrane while others enter the primed pool which includes both the slowly releasable pool (SRP) and 
rapidly releasable pool (RRP). (B) Application of UV-flash (arrow) causes a step increase of cytosolic [Ca2+] from 
~300 nM to ~20 µM (top panel). As the number of chromaffin granules fuse with the plasma membrane, membrane 
capacitance increases proportionally (lower panel). The color code assigns parts of the trace to the fusion of vesicles 
from RRP (yellow), SRP (green) or previously unprimed pool (UPP) of vesicles (red). Modified from Rettig and Neher, 
2002). 

The sustained release (SR) phase represents the newly formed vesicles that are refilling the 

primed pool just secreted (Nagy et al., 2004). It occurs at a much slower rate (about tens of 

seconds). In neurons and neuroendocrine cells, it has been observed that only a fraction of the 

docked vesicles that have attained full maturation are released in response to physiological 

stimuli. This indicates the necessity of additional priming steps (formation of SNARE complexes, 

optimal Ca2+ concentration) before undocked or docked vesicles become release competent. 

Therefore, there are at least three kinds of vesicle pools namely the undocked, docked – but 

unprimed and the readily releasable vesicles. (Sorensen, 2004). According to Voets et al., 1999, 

this difference in the release rates of both biphasic secretion (EB) and sustained component is 
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due to the proximity of the vesicles to the Ca2+ microdomains. 

3.10 Immunocytochemistry 

Immunostaining was performed to quantify the expression levels of Cpx2 mutant genes in 

mouse chromaffin cells infected by semliki forest virus system. After 3.5 hours of virus infection, 

the cells were used for immunostaining (Guzman et al., 2010). Briefly, cells were washed with 

1X PBS and fixed in 4% PFA for 35 mins. After washing with PBS three times, cells were 

quenched with NH4Cl for 10 mins. Following another washing step, cells were incubated in 

blocking buffer (2% BSA). Cells were then incubated with primary antibodies (1:1000) in wet 

chambers at 4°C overnight. After the cells and solutions reach room temperature, primary 

antibody was washed off with blocking buffer thrice. Cells were then incubated with suitable 

secondary antibody (1:1000) for 1.5 hours at room temperature in dark. After washing with PBS, 

cells were finally washed with double distilled water to remove salts and mounted in glycerol for 

imaging. 

A list of primary and secondary antibodies used for immunostaining in this study is given below.  

Primary antibodies 

 ComplexinII 122102; rabbit-polyclonal (Synaptic systems) – SNARE binding 

 ComplexinII 122 002; rabbit-polyclonal (Synaptic systems) – C-terminus binding 

Secondary antibodies 

 Alexa Fluor 555 Goat Anti-rabbit (Invitrogen)  

3.10.1 Epifluorescence microscopy 

For epifluorescence microscopy, a Zeiss AxioVert 200 microscope was used. Digital images (8 

bit encoded) were acquired with a CCD camera and AxioVert Software (Zeiss, Germany). Virus 

(Cpx2) transfected cells were processed after 3.5-4 h of transfection to prevent strong protein 

overexpression. To ensure proper visualization, the cells within a group (e.g. Cpx2 wt and its 

mutant viruses) were imaged with different exposure time which was later calculated out. 

Fluorescence intensities were analyzed offline with ImageJ software after subtracting the 

background fluorescence. 
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3.11 Data Acquisition, Analysis and Statistics 

Data were analyzed by using sigma plot and Igor pro software (Wavemetrics, lake Oswego, 

OR), and were shown as mean ± SEM. For determining the statistical significance, one-way 

analysis of variance (ANOVA) and a Tukey–Kramer post test for multiple groups and t-test was 

used for paired data.  
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4 Results 

Complexins 1 and 2 are composed of four distinct domains which are capable of providing 

separate functions in the process of SNARE mediated exocytosis. This study is a detailed 

investigation of “structural and functional” properties of Cpx2 as well as its interactions with Syt7 

in mouse chromaffin cells. In the first part of the study, using whole cell patch clamp 

experiments combined with flash photolysis, the role of different sections of Cpx2 and their role 

in exocytosis was explored in a loss or gain of function approach. The results depict key amino 

acids within the C-terminus that are crucial for the clamp action attributed to Cpx2. In the 

second part, the role of Cpx2 in relation to synaptotagmins 1 and 7, expressed in mouse 

chromaffin cells has been explored. Experiments on single and double knock out cells (Syt7 ko, 

Cpx2 ko and Syt7/Cpx2 dko) have shown that Syt7 acts as a Ca2+ sensor at low Ca2+ 

concentrations and that Cpx2 efficiently clamps premature vesicle secretion independently of 

both Syt isoforms. The phenotypical consequences of combined absence of Cpx2 and Syt7 

indicate that these proteins operate in different molecular steps unlike Cpx2 and Syt1 which 

operate together. 

4.1 Part I – Cpx C-terminus comprises different motifs  

Initial experiments suggested that the C-terminus of Cpx2 is functionally inert (Xue et al., 2007), 

but later it has been shown to be involved in clamping spontaneous vesicle fusion (Martin et al., 

2011) and for synaptic vesicle priming in neurons (Cai et al., 2008; Yang et al., 2010; Diao et al., 

2013). Furthermore, there are reports showing that the C-terminus of Cpx binds to 

phospholipids (Seiler et al., 2009; Malsam et al., 2009) and interacts with membranes in a 

curvature-dependent fashion (Snead et al., 2014). Based on these experiments, it has been 

hypothesized that the C-terminus concentrates other inhibitory domains of Cpx at the site of 

action (Wragg et al., 2013). Recent work from our laboratory (Dhara et al., 2014) has shown that 

the C-terminal domain of Cpx2 (63 amino acids from position 72 to 134) is essential for 

clamping tonic secretion in mouse chromaffin cells, independent of its ability to bind to 

membranes (Dhara et al., 2014; Makke et al., 2018). Given these controversial findings about 

the attributes of the C-terminus, we set out to delineate the underlying mechanism by which 

Cpx2 functions by answering the following questions.  

1. Which specific region(s) or amino acids within the C-terminus are responsible for the 

clamp action of Cpx? 
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2. What is the molecular mechanism by which complexin regulates exocytosis? 

The comparative analysis of the primary sequence alignment of mouse Cpx2 with that of other 

species illustrates on one hand, variability in the sequence and on the other, identifies structural 

similarities that are conserved through out the animal kingdom, an observation that promises 

functional relevance (Fig. 13).  

 

Figure 13. Alignment of primary sequences of mouse Cpx2 and other species.  
The alignment illustrates the different domains marked by different colors (N-terminus, blue; accessory α-helix, green; 
SNARE binding α-helix, red; C-terminus, yellow). Crucial residues within the accessory α-helix that participate in 
protein-protein interactions and residues within the SNARE binding central α-helix that are important for SNARE 
binding are indicated (Synaptobrevin, SybII; SNAP-25, SN2; Synaptotagmin1, SytI). The conserved glutamate 
residues (red letters) and the periodicity of hydrophobic residues (red boxes) in the C-terminus are shown. Notice that 
some species (Squid, Drosophila, and Apis) also contain a C-terminal CAAX box that provides a farnesylation site 
and is also involved in lipid binding. (Figure in collaboration with Prof. Dr. Bruns). 

All Cpx variants carry a glutamate cluster, which has been proposed to interact with 

Synaptotagmin (Tokumaru et al., 2008). Moreover, the C-terminal region is characterized by a 

periodicity of hydrophobic residues that confers amphipathic properties to the C-terminal region. 

To invesitigate the functional properties of such regions, we systematically mutated the 
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glutamate cluster as well as certain key residues on the amphipathic region. Whole cell patch 

clamp experiments in mouse chromaffin cells deficient for Cpx2 and those virally expressing 

Cpx2 mutant proteins allowed us to study the protein in a gain-of-function approach.  

4.1.1 Complexin determines the magnitude of synchronous secretion by 
hindering premature secretion 

Complexins bind rapidly and with high affinity to the SNARE complexes via central α-helix. By 

this, they are seen to “clamp” premature vesicles leading to the accumulation of primed vesicles 

(Dhara et al., 2014). In order to allow for Ca2+ dependent priming of large dense core vesicles in 

chromaffin cells, the cells were perfused with intracellular solution containing ~700 nM free 

[Ca2+]i for 120 s. Simultaneously, changes in membrane capacitance (CM) were recorded. The 

analysis shows significant increase in tonic secretion from Cpx2 ko cells (red, 33±4 fF, n=16,) 

compared to wild type cells (black, 15±3 fF, n=14) (Fig. 14A-C) indicating that Cpx2 clamps 

premature secretion. In contrast, the expression of wt Cpx2 protein in Cpx2 ko cells, strongly 

suppressed the tonic secretion (dark green, -6±1 fF, n=14) indicating that the excess of Cpx2 

suppresses premature secretion even beyond the level of wt cells. Overall, these results show 

that Cpx2 levels are rate-limiting and are of crucial importance to hinder premature secretion.  

 

Figure 14. Cpx2 hinders tonic secretion.  
(A) Wild type Cpx2 (black, n=14) and the overexpression of Cpx2 (dark green, n=14) hinder tonic exocytosis whereas 
loss of Cpx2 (red, n=16) show elevated tonic secretion at priming calcium concentration. (B) Mean rate of membrane 
capacitance before UV flash. ANOVA between the groups. ** P < 0.01; *** P < 0.001. Error bars indicate mean 
±SEM. 

Upon the application of UV-flash, there is a step-wise increase in the intracellular Ca2+ levels 

from 700 nM to ~20 µM. By fitting individual post flash capacitance traces with a double 

exponential function, the amplitude and secretory kinetics of synchronous exocytosis were 



38 
 
 

determined. The analysis shows that wild type cells exhibit an exocytotic burst (RRP 110±8 fF; 

SRP 114±6 fF) with a sustained rate of 19±2 fF/sec (black trace, n=14). In comparison, the 

Cpx2 ko cells showed strongly diminished exocytotic burst (RRP 53±5 fF; SRP 78±10 fF, red, 

n=16) with no significant changes in the sustained component (13±2 fF/s) (Fig 15A-B).  

 

Figure 15. Cpx2 determines the magnitude and kinetics of synchronous exocytosis. 
(A) Top panel shows step wise increase in intracellular Ca2+ levels due to flash application and lower panel shows 
corresponding membrane capacitance changes in wt cells (black, n=14), Cpx2 ko cells (red, n=16) and Cpx2 ko cells 
expressing wt Cpx2 (dark green, n=14). (B) Quantification of different components determined from fitting individual 
responses (bars with same color code as shown in A. Loss of Cpx2 shows decreased RRP and SRP but is rescued 
with the expression of wt Cpx2. (C) Analysis of time constants of RRP and SRP reveal that loss of Cpx2 slows down 
synchronous secretion. (D) Normalized capacitance responses after subtracting sustained component show slow 
secretion for Cpx2 ko cells. The inset shows an extended scaling of the normalized CM signals during the first 20 ms 
after flash illustrating the delayed onset of secretion in Cpx2 ko cells. (E) The mean exocytotic delay is higher for 
Cpx2 ko cells. Error bars represent SEM. *p<0.05. **p<0.01, ***p<0.001; One-way Anova test with post-hoc tukey’s 
test. 

The analysis of release kinetics shows that the secretory rate of RRP and SRP in Cpx2 ko cells 

was much slower (RRP=135±14 ms and SRP=453±41 ms) than that of wt cells (RRP=20±2 
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ms, SRP=244±18 ms). Normalization of the traces corroborate the altered kinetic properties 

(Fig. 15C-D). Furthermore, loss of Cpx2 also displayed a longer secretory delay between the 

stimulus and the onset of secretion (Fig. 15E). Thus, loss of Cpx2 in chromaffin cells reduces 

EB and slows down the secretory kinetics and prolongs the stimulus-secretion coupling. In 

contrast, the expression of wt Cpx2 protein in Cpx2 ko cells not only rescued the EB, but also 

increased synchronous secretion beyond the levels found in wt cells. These cells show faster 

kinetic properties (RRP=16±2 ms and SRP=210±37 ms) as well as faster stimulus-secretion 

coupling (Fig. 15C-E). Taken together, these results indicate that Cpx2 prevents premature 

secretion at submicromolar [Ca2+] leading to the accumulation of primed vesicles in chromaffin 

cells. Cpx2 also speeds up stimulus-secretion coupling. While the enhanced amplitude of the 

flash evoked synchronous response (EB) is a consequence of the increase pool of premature 

vesicles, the speeding up of exocytosis is due to an increased Ca2+ dependency of synchronous 

secretion. These results are in excellent agreement with our previous findings illustrating a 

reciprocal relationship between tonic secretion and exocytotic burst (Dhara et al., 2014). 

4.1.2 Last 34 amino acids in the C-terminus of Cpx2 determine the clamp action  

Previous studies in our lab have also shown that Cpx2 lacking the entire C-terminal domain 

(Cpx2C mutant, aa 1-72; a total of 62 out of 134 amino acids truncated) fails to prevent tonic 

release (Dhara et al., 2014). These original observations led us to hypothesize that the clamp 

action may reside in the C-terminus of Cpx2. In order to narrow down the region responsible for 

the clamp action, we designed a truncated version of Cpx2 lacking 34 amino acids (Cpx21-100) at 

the very C-terminus (Fig. 16A). Such a truncation eliminates the two conserved motifs namely 

the amphipathic region (aa 116-134) and the glutamate cluster (aa 108-114) (Fig.13). Secretion 

properties of Cpx2 ko cells expressing either wt Cpx2 or the truncated Cpx2 (Cpx21-100) were 

comparatively analyzed. The results show that Cpx21-100 cells displayed a similar increase in 

premature secretion (olive green, 288±29 fF, n=20) as in Cpx2 ko cells (red, 364±39 fF, n=23). 

This suggests that the truncation of the last 34 amino acids suffice to abolish the clamp activity 

of Cpx2. In contrast, expression of wt Cpx2 protein strongly suppressed tonic secretion in ko 

cells (dark green, -42±17 fF, n=22) (Fig. 16B-D). Thus, at submicromolar Ca2+ concentrations, 

premature fusion of vesicles is prevented by the last 34 amino acids at the C-terminal end of 

Cpx2. In close correlation, the truncated protein Cpx21-100 failed to restore the EB component 

(RRP=57±5 fF, SRP=65±5 fF) compared to wt Cpx2 expressing cells (RRP=142±16 fF, 

SRP=97±9 fF). No significant changes in the subsequent sustained phase were noticed in all  
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Figure 16. The clamp action of Cpx2 is determined by the farthest 34 amino acids of the C-terminus.  
(A) Schematic representation of Cpx2 showing different domains demarcated by amino acid numbers. Striped region 
represents truncation of the last 34 amino acids. (B-C) Mean capacitance recorded over 120 s in Cpx2 ko cells (red, 
n=23) and Cpx2 ko cells expressing wt Cpx2 (dark green, n=22) or Cpx21-100 mutant (olive green, n=20). Cells 
expressing Cpx21-100 exhibit tonic secretion similar to that of Cpx2 ko cells. (D) Similar intracellular pre-flash Ca2+ 
levels in all cell types. (E) Upper panel shows mean [Ca2+]i before and after UV flash application at t = 0.5 s. Lower 
panel depicts CM changes in response to flash evoked Ca2+ stimulus in above-mentioned cell groups. (F) 
Quantification of post flash CM traces and the rate of sustained phase. (G) Time constants of RRP and SRP obtained 
from fitting individual capacitance traces show faster kinetics by Cpx21-100 similar to wt Cpx2. (H) Mean capacitance 
traces normalized, after subtraction of sustained component. Inset shows a close-up view of the normalized mean 
CM traces during the first 20 ms depicting the onset of secretion in response to flash stimulation. (I) Quantification of 
delay indicates that the large delay seen in Cpx2 ko cells is restored even in the absence of the last 34 amino acids. 
Error bars represent means ±SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; One-way Anova test with post-hoc tukey’s 
test. 
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three groups (Fig. 16E-F). Fitting individual cellular responses revealed unaltered kinetic 

properties (Fig. 16G) for both EB components of Cpx21-100 (RRP=31±4 ms, SRP=236±39 ms) 

when compared to those of wt Cpx2 (RRP=13±1 ms, SRP=221±18 ms). Normalization of 

mean CM traces confirms faster kinetics by Cpx21-100 compared to Cpx2 ko (Fig. 16H). A closer 

look at the first 20 ms of the recording (inset) further depicts a faster and quicker onset of 

secretion for Cpx21-100 cells (6 ms) than in Cpx2 ko cells (11 ms) (Fig 16I). Interestingly, except 

for secretory kinetics, the Cpx21-100 mutant cells exhibit a phenotype similar to that observed in 

Cpx2 ko cells. This result is consistent with the finding that Cpx2 N-terminus (aa 1-27) is 

responsible for accelerating fusion rate and shortening the exocytotic delay (Dhara et al., 2014). 

Taken together, loss of the last 34 amino acids specifically impairs the clamp action leading to 

depletion of primed vesicles, which results in diminished synchronous secretion. Thus, the 

clamp function of Cpx resides within a stretch of 34 amino acids at the very end of Cpx C-

terminal domain. 

4.1.3 The amphipathic character of the C-terminus of Cpx2 supports clamping of 
tonic secretion 

Motivated by the above findings, we aimed to investigate which specific properties within the 

Cpx2 C-terminus (last 34 amino acids) can be held responsible for promoting the proteins’ 

clamp action. As mentioned earlier, the C-terminus of Cpx2 comprises a short stretch of amino 

acids, that is amphipathic in nature with approximately 3 helical turns within the last 19 amino 

acid residues (aa 116-134). Previous studies have suggested that this region is required to 

sense membrane curvature and target Cpx to synaptic vesicles (Wragg et al., 2013; Snead et 

al., 2014; Gong et al., 2016). By this, they can concentrate other inhibitory domains of Cpx like 

the accessory α-helix at the site of fusion. They are also known to participate in the process of 

membrane fusion (Seiler et al., 2009). To assess the functional relevance of the C-terminal 

amphipathic motif, we designed a Cpx2 variant in which the last 19 amino acids were truncated 

(Cpx21-115). Analysis of preflash capacitance measurements reveal that Cpx2 ko cells 

expressing the truncated protein (Cpx21-115) display an intermediate or moderate levels of tonic 

secretion (CM=119±39 fF, blue, n=21) compared to Cpx2 ko cells (CM=400±55 fF, red, n=23) 

and those rescued by wt Cpx2 (CM=-21±16 fF, dark green, n=27) (Fig. 17B-D). This result 

suggests a partial defect in the clamp action due to the loss of the amphipathic helix (last 19 

aa). In the same line, at high calcium (~20 µM) concentrations evoked by UV-flash, the mutant 

cells (Cpx21-115) showed again an intermediate level of synchronous secretion (RRP=58±7 fF,  
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Figure 17. Amphipathic region in the C-terminus of Cpx2 affects clamping and facilitatory actions of Cpx2.  
(A) Schematic view of Cpx2 with its different domains and the striped region pointing out the location of amphipathic 
region. (B) Tonic secretion at submicromolar [Ca2+]i from chromaffin cells – Cpx2 ko (red, n=23), Cpx2 ko+Cpx2 (dark 
green, n=29) and Cpx2 ko+Cpx21-115 (blue, n=22). (C) Rate of tonic exocytosis in the above groups of cells and (D) 
Ca2+ levels before UV flash is applied. (E) Average [Ca2+]i after UV flash (top panel) and corresponding evoked 
capacitance signals of the above groups of cells (lower panel). (F) Amplitudes of exocytotic burst (RRP and SRP) 
along with rate of sustained component. Notice the major reduction in RRP from cells expressing Cpx21-115 compared 
to wt cells. (G) Time constants of EB (RRP and SRP) associated with Cpx21-115 reflect those of wt cells. (H) 
Capacitance traces shown in (E, lower panel) normalized to EB (during the first 1.5 s post flash) shows unaltered 
kinetics in Cpx21-115 cells.  Inset shows the first 20 ms of the recordings wherein Cpx21-115 responds significantly 
faster than the Cpx2 ko cells. (I) Mean exocytotic delay (ms) obtained from fitting responses from individual cells. 
Error bars represent means ±SEM. *, p< 0.05; **, p < 0.01; ***, p < 0.001; One-way Anova test with post-hoc tukey’s 
test.  
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SRP=90±9 fF, n=21) (Fig. 17E-F). In comparison, exocytosis was strongly reduced in Cpx2 ko 

cells (RRP=41±4.5 fF, SRP=55±7 fF, n=23) and enhanced in ko cells expressing wt Cpx2 

(RRP=141±10 fF, SRP=104±10 fF, n=27). This shows the reciprocal relationship between the 

clamping efficiency and the amplitude of synchronous secretion. The sustained component 

representing the secretion of newly primed vesicles remained unaltered across all groups. 

Interestingly, secretory kinetics in the Cpx21-115 cells remained fast (RRP=23±4 ms, 

SRP=241±31 ms) similar to Cpx2 ko cells expressing wt Cpx2 (RRP=16±2 ms, SRP=252±27 

ms) in contrast to the slower release kinetics of Cpx2 ko cells (RRP=131±22 ms, 

SRP=429±54 ms) (Fig. 17G). Furthermore, the slower stimulus-secretion coupling displayed by 

Cpx2 ko cells (11 ms) was rescued by the expression of wt Cpx2 (3 ms) as well as Cpx21-115 

cells (6 ms), as quantified in Fig.17I. These findings reaffirm the role of N-terminal domain of 

Cpx2 in accelerating the kinetics of release and shortening the secretory delay (Dhara et al., 

2014). Taken together, these results demonstrate that the last 19 amino acids in the C-terminus 

of Cpx2 exert an important, albeit moderate influence in preventing premature vesicle secretion. 

Given the partial loss of function phenotype it is possible that the C-terminal amphipathic region 

may act ‘in tandem’ with other functional domains of Cpx2.  

4.1.4 C-terminal hydrophobic amino acids are crucial for clamping tonic 
secretion 

The amphipathic motif present in the very C-terminus of Cpx2 is characterized by the presence 

of hydrophobic (non-polar) and hydrophilic (polar) amino acids. In order to further investigate the 

role of conserved residues within the amphipathic helix in preventing premature secretion, we 

designed Cpx2 variants that exhibit modifications in the hydrophobic face of the helix. We first 

substituted the leucine (L) residues at 124th and 128th positions either with glutamate residues 

(Cpx2L124,128E) or tryptophan residues (Cpx2L124,128W) (Fig. 18A). Replacing leucine residues with 

charged glutamate (Glu/E) residues makes the C-terminus less hydrophobic whereas exchange 

with tryptophans maintains the hydrophobic character of the C-terminus. At submicromolar Ca2+ 

concentrations, cells expressing Cpx2L124,128E mutations display an intermediate level of tonic 

secretion (CM=202±58 fF, purple, n=24) indicating a failure to effectively clamp premature 

secretion compared to rescue cells (CM=-36±40 fF, dark green, n=25) and ko cells 

(CM=484±51, red, n=19) (Fig.18B-D). Interestingly, this phenotype is similar to that seen in the 

Cpx21-115 mutant, where amphipathic helix was completely absent. This suggests that mutating 

only a few key amino acid residues in the very C-terminus can effectively alter the clamp  
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Figure 18. Hydrophobic character of the amphipathic region supports the clamping of tonic secretion. 
(A) Schematic view of Cpx2 with four distinct domains. Within the C-terminal domain, a short stretch of amino acid 
sequence is highlighted (yellow) and indicates the leucine residues at position 124 and 128 (black arrows) that were 
either mutated to glutamates or tryptophans. (B) Capacitance responses to submicromolar Ca2+ concentrations in 
different cell groups. Chromaffin cells lacking Cpx2 (red, n=19) show elevated levels of tonic secretion but in Cpx2 ko 
cells expressing wt Cpx2 protein (dark green, n=25) tonic secretion is suppressed. Notice that substitution of leucines 
with glutamate residues (purple, n=24) does not effectively clamp premature secretion, but tryptophan substitutions 
(pink, n=31) prevent tonic secretion as in cells expressing Cpx2. (C) Quantified rate of tonic secretion of the above 
groups of cells (identical color code). (D) Similar ‘pre-flash’ calcium levels at which effective priming of vesicles 
occurs, before evoking a flash-induced synchronous secretion. Error bars represent mean ±SEM. ***, p < 0.001; 
One-way Anova test with post-hoc tukey’s test. 

function of Cpx2. The disruption in the clamp action of Cpx2, may be a consequence of altered 

protein-protein interactions since a C-terminal peptide comprising the last 34 amino acids of 

Cpx2 has been shown to bind to other SNARE proteins (Makke et al., 2018). On the other hand, 

the tryptophan mutant which conserves the hydrophobic character of the C-terminal domain 

effectively arrests tonic secretion (CM=-75±18 fF, pink, n=31) similar to cells expressing wt 

Cpx2 protein. This indicates the specific requirement for hydrophobic residues at 124th and 128th 

positions within the C-terminus of Cpx2 to hinder premature secretion in mouse chromaffin cells. 

Post flash capacitance measurements show that the Cpx2L124,128E mutant cells (Fig.19A-B, 

purple) failed to fully rescue the diminished synchronous secretion present in Cpx2 ko cells 

(RRP 45±9 fF, SRP 77±7 fF, n=19, red) but cells expressing wt Cpx2 fully restored exocytosis 

(RRP 127±13 fF, SRP 120±11 fF, n=25, dark green). Although both vesicle pools show a 

tendency to be reduced, the RRP (53±5 fF) was more reduced than the SRP (104±10 fF) similar 

to the Cpx21-115 mutant (Fig. 17F) demonstrating a failure to support fast releasable vesicle pool 

(n=24, purple). 
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Figure 19. Hydrophobic character in the amphipathic region supports synchronous secretion 
(A) Average intracellular Ca2+ levels pre and post flash (top panel) and flash evoked secretory responses (lower 
panel). (B) Relative magnitudes of exocytotic burst (RRP & SRP) and rate of sustained component (fF/s). (C) Time 
constants of RRP and SRP. (D) Mean capacitance traces of Cpx2 ko and the double mutants normalized to that of wt 
Cpx2 during the first 1.5 s. Inset shows the normalized traces rescaled to demonstrate the differences in stimulus-
secretion coupling among the above groups of cells during the first 20 ms of the flash application. (E) Quantification 
of the onset of secretion (delay) in milliseconds show faster stimulus-secretion coupling by tryptophan mutants than 
by glutamate mutants. Error bars represent mean ±SEM. **, p < 0.01; ***, p < 0.001; One-way Anova test with post-
hoc tukey’s test. 

In contrast, the tryptophan double mutant (Cpx2L124,128W) fully restores the exocytotic burst 

(RRP=118±16 fF, SRP=120±13) similar to wild type rescue cells (Fig.19A-B, pink). These 

results show that the hydrophobic character at 124th and 128th amino acid residues of mouse 

Cpx2 is of central importance in restoring synchronous exocytosis. The sustained component of 

exocytosis remained unaffected in both glutamate and tryptophan mutant cells. No significant 

changes were seen in the secretory kinetics of the Cpx2L124,128E mutant cells (purple, 

RRP=28±2 ms, SRP=263±23 ms) as well as the tryptophan mutations (pink, RRP= 20±2 ms, 
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SRP= 230±28 ms) compared to cells expressing wt Cpx2 (Fig. 19C). Normalization of the 

average capacitance traces (Fig. 19D) further confirmed faster secretory kinetics and faster 

stimulus-secretion coupling by Cpx2L124,128W cells than the Cpx2L124,128E cells. Interestingly, the 

Cpx2L124,128E cells exhibited a delay similar to Cpx2 ko cells indicating that the triggering of 

synchronous exocytosis might be severely affected by the introduction of charged amino acids 

in the very C- terminus (Fig. 19E). These results show the importance of hydrophobic character 

in the very C-terminus of Cpx2 in determining the magnitude as well as onset of synchronous 

secretion. 

4.1.5 The Glutamate cluster within the C-terminus of Cpx2 enhances the 
magnitude of RRP 

The primary sequence of Cpx C-terminal domain shows upstream of the amphipathic region, a 

cluster of negatively charged hydrophilic amino acids (glutamate residues, aa 108-114), a 

feature that is conserved through out the animal kingdom.  This cluster has been reported to be 

essential for interacting with Synaptotagmin1 to recruit it to the fusion complex and mediate fast 

synaptic vesicle exocytosis (Tokumaru et al., 2008). In order to examine the function of such 

molecularly significant amino acids, we designed a Cpx2 variant wherein 7 glutamate residues 

(negatively charged) in the C-terminus were exchanged to neutral alanines (Cpx2E/A). Cells that 

virally express the Cpx2E/A mutant protein show undiminished clamping of tonic secretion (teal, -

59±33 fF, n=20) similar to cells expressing wt Cpx2 protein (dark green, -67±26 fF, n=19) (Fig. 

20B-C). Since the primed vesicle pool is intact, a full rescue of synchronous secretion can be 

expected. Surprisingly, the mutant was not able to fully restore the exocytotic burst (Fig. 20E-F). 

Instead, the RRP component was significantly reduced in the absence of the glutamate cluster. 

Fitting of the capacitance traces show no significant changes in the release kinetics of 

exocytotic burst in Cpx2E/A mutant cells (RRP 34±6 ms; SRP=229±17 ms) compared to cells 

expressing wt Cpx2 (RRP 23±3 ms; SRP=210±25 ms) (Fig. 20G) as also confirmed by the 

normalization of the CM traces (Fig. 20H). Furthermore, loss of glutamate cluster in the C-

terminus did not confer any additional secretory delay between the stimulus and the onset of 

secretion (Fig. 20I). These data indicate that the Cpx2E/A is involved in regulating the magnitude 

of triggered exocytosis. In order to verify our findings, we also expressed Cpx2E/A mutant protein 

and the wt Cpx2 in wild type cells (Fig. 21A-E). The experiments show no changes in tonic 

secretion, but an intermediate response by the Cpx2E/A mutant, including again a significant 

reduction in the RRP component. 
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Figure 20. Glutamate cluster in Cpx C-terminus does not affect clamping of tonic secretion.  
(A) Schematic representation of distinct domains of Cpx2 including approximate location of 7 glutamic acids within 
the C-terminal domain. (B) Hindered tonic secretion due to the clamp action of Cpx2 even in the absence of 7 
glutamates in the C-terminus. Cpx2 ko cells (red, n=20), and those expressing Cpx2 (dark green, n=19) and the 
mutant protein Cpx2E/A (teal, n=20). (C) Quantified tonic secretion for every 10 s. (D) Pipette solutions with similar 
free Ca2+ levels were maintained before applying flash. (E) Average [Ca2+]i, (top panel) and flash-evoked capacitance 
responses (lower panel) in all the above-mentioned cell groups. (F) Quantitative analysis of RRP, SRP and SR (fF/s). 
Notice the reduced RRP in the mutant cells. (G) Assessment of kinetics across the mentioned cell groups reveals no 
changes in the secretory rates due to the loss of glutamate cluster in the C-terminus. (H) Normalized capacitance 
traces show faster secretion in cells expressing wt Cpx2 and the mutant protein in comparison with that of Cpx2 ko 
cells. The first 20 ms of flash stimulus (inset) reflect this phenotype in detail (I) Analysis of stimulus-secretion coupling 
show delayed response only in Cpx2 ko cells but not in the mutant cells. Error bars represent mean ±SEM. **, p < 
0.01; ***, p < 0.001; One-way Anova test with post-hoc tukey’s test. 
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These results indicate a dominant negative phenotype of the mutant protein suggesting that the 

mutant protein competes with the endogenous Cpx2 for binding to productive SNARE 

complexes. No significant changes were seen either in the secretory kinetics or in the delay of 

triggered exocytosis in Cpx2E/A mutant cells. Overall, these results indicate that the glutamate 

residues in the C-terminus have no clamping function but they are essential in determining the 

magnitude of the fast component (RRP) of synchronous secretion. 

 

Figure 21. Glutamate cluster (aa 108-114) in the C-terminus affects the fast component of exocytotic burst.  
(A) Tonic secretion displayed by wt cells (black, n=10), wt cells overexpressing Cpx2 (green, n=14) and those 
expressing the mutant Cpx2E/A gene (mint, n=12). (B) similar submicromolar Ca2+ levels preflash. (C) Average rate of 
tonic exocytosis (D) Flash-induced CM responses in the above groups of cells. (E) Quantified mean CM. Notice the 
significant reduction in the RRP component in comparison to SRP (F) unaltered time constants of exocytotic burst. 
(G) No change in onset of secretion in response to stimulus ***, P < 0.001, one-way ANOVA. Error bars indicate 
means ± SEM. Error bars represent means ±SEM. *, p< 0.05; **, p < 0.01; ***, p < 0.001; One-way Anova test with 
post-hoc tukey’s test. 
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4.1.6 Stable binding of Cpx2 to the ternary SNARE complex is crucial for its 
functions 

Previous studies on mouse chromaffin cells in our lab have established that the N-terminus of 

Cpx2 (aa 1-26) speeds up the exocytosis by way of increasing Ca2+ affinity of synchronous 

secretion. Consequently, the loss of N-terminal domain of Cpx2 not only leads to slower kinetics 

of exocytosis but also to a much delayed exocytotic response (Dhara et al., 2014). Lying 

downstream of the N-terminus, the accessory α-helix also has crucial functions. It has been 

shown to exert inhibitory effect due to its helical conformation (Xue et al, 2007) and to clamp 

vesicle fusion by inserting into the space between the v- and t -SNAREs (Maximov et al, 2009). 

It can prevent full zippering of partially assembled SNARE complexes (Giraudo et al, 2009) or 

displace the C-terminus of VAMP2 (Lu et al., 2010). In addition, the accessory α-helix also 

harbors several amino acids residues that interact with Synaptobrevin and SNAP25 

(Bykhovskaya et al., 2013) (Fig. 13). It has also been reported to stabilize the secondary 

structure of the central α-helix (Radoff et al., 2014; Xue et al, 2010). In order to investigate the 

importance of the N-terminal domain and the accessory α-helix of Cpx2 in mouse chromaffin 

cells, we designed a variant of Cpx2 that lacks the first 53 amino acids (Cpx253) (Fig. 22A). At 

submicromolar Ca2+ concentration, cells expressing Cpx253 failed to fully clamp tonic secretion 

(CM=166±30 fF, violet, n=23) compared to the cells expressing Cpx2 (dark green, -75±16 fF) 

(Fig. 22B-C). Furthermore, the Cpx253 cells exhibited a strong reduction in synchronous 

secretion (RRP=31±4 fF, SRP=44±5 fF) when compared to wt Cpx2 (RRP=142±15 fF, 

SRP=112±10 fF) (Fig. 22E-F). It should be noted that the truncation includes the amino acids 

R48 and H52, which are known to be crucial for binding to the SNARE complex (Xue et al., 

2007). The Cpx253 truncation may interfere with the SNARE binding properties of the protein 

and therefore affects all the functions of Cpx2. Interestingly, fitting analysis showed that the 

secretory kinetics of Cpx253 cells (RRP=55±10 ms, SRP=482±97 ms) are slower than Cpx2 

ko cells overexpressing Cpx2 (RRP=11±2 ms, SRP= 298±40 ms) (Fig. 22G-H). In the same 

line, Cpx253 cells like Cpx2 ko cells, exhibited a significant delay in the stimulus-secretion 

coupling in contrast to wt and cells rescued with Cpx2 (Fig.22I). These results corroborate 

previous findings that the N-terminal domain is responsible for accelerating the kinetics of 

synchronous exocytosis (Dhara et al., 2014). Thus, the observed phenotype may be a 

consequence of a dysfunctional, misfolded protein. 
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Figure 22. Proper SNARE binding is necessary for Cpx functions 
(A) Graphical representation of distinct domains of Cpx2. Striped region illustrates the truncation well into the SNARE 
binding central α-helix. (B) Tonic secretion at submicromolar [Ca2+]i, recorded from wt cells (black, n=26), Cpx2 ko 
cells (red, n=26), rescue cells (dark green, n=20) and Cpx253 cells (violet, n=23). (C) Quantified tonic secretion per 
10 sec (D) Similar [Ca2+]i were maintained across all the groups of cells before the application of flash. (E) Top panel 
depicts rapid flash-evoked Ca2+ change from ~700 nM to ~20µM. CM responses due to high calcium stimulus across 
all the above-mentioned groups of cells (lower panel). (F) Quantification of the different components of exocytosis 
(RRP, SRP and Sustained phase). Notice the severe reduction of the EB exhibited by the truncated protein, Cpx253 
(violet). (G) Time constants of exocytotic burst across tested groups of cells. Kinetics of the truncated protein are 
significantly slower than the wt protein expressing cells, owing to the loss of N-terminus that is known to be 
responsible for speeding up of exocytosis. (H) Normalization of the average capacitance traces confirms the slow 
secretory behavior by the Cpx253 cells. Inset displays the close-up view of the first 20 ms of mean CM traces post 
flash indicating delayed secretion from the onset of stimulus. (I) Quantified delay shown by the above cell groups. 
Error bars represent mean ±SEM. *, p< 0.05; ***, p < 0.001; One-way Anova test with post-hoc tukey’s test. 
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4.1.1 Complexin and its mutant variants have similar protein expression levels 

To study whether the observed phenotypes are not simply the consequence of different 

expression levels, we analyzed the amount of expressed Cpx2 proteins using an antibody 

directed towards the SNARE binding domain of Cpx2. Since Cpx2 is a cytosolic protein, 

fluorescence signals were quantified throughout the cytoplasm (excluding the nucleus). No 

signals were detected in Cpx2 ko cells indicating the specificity of the antibody (Fig. 23A). No 

significant differences in the protein expression could be observed for any Cpx2 mutant variants 

when compared with the expression of the wt protein. Furthermore, the level of mutant protein 

expression was similar to that of wt Cpx2 which is significantly higher than the endogenous 

protein levels (Fig. 23B). Thus, the observed phenotypes are the consequence of the loss of 

functionally important motifs and amino acid residues. 

 

Figure 23. Immunosignals reveal similar expression levels of Cpx2 and its mutants.  
(A) Exemplary fluorescence images of wt, Cpx2 ko and Cpx2 ko cells expressing either wt Cpx2 or the mutated Cpx2 
proteins. Immunosignals were detected with a polyclonal Cpx2 antibody that binds to SNARE binding domain of Cpx. 
(B) Mean total fluorescence intensity of the above-mentioned cell groups (acquired 3.5 h after Semliki forest viral 
transfection). All mutant proteins were expressed in higher levels compared to the endogenous protein (wt, n=23; 
Cpx2 ko, n=19; Cpx2, n=22; Cpx21-115, n=13; Cpx2L124,128E, n=20; Cpx2L124,128W, n=9; Cpx2E/A, n=11). Error bars 
indicate means ± SEM. au, arbitrary unit; int, intensity. Error bars represent means ±SEM. ***, p < 0.001; One-way 
Anova test with post-hoc tukey’s test. 
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4.1.1.1 Summary for Part I 

Our experiments with the C-terminal domain of Cpx2 demonstrate that the last 34 amino acids 

of Cpx2 provide a site that is involved in clamping premature vesicles. This region of Cpx2 

comprises crucial motifs such as the glutamate cluster and the amphipathic region that are well 

conserved across the animal kingdom. While the glutamate cluster is not involved in clamping 

tonic secretion, it is required to maintain the magnitude of readily releasable vesicles, most likely 

by being a potential site for interacting with Syt1. The amphipathic helix at the very end of C-

terminal domain is important for inhibiting premature secretion. This inhibition may arise due to 

its ability to participate in protein-protein interactions, for example with other SNARE proteins. 

Mutating only few key residues that are hydrophobic in nature within the amphipathic region can 

dramatically alter the clamp function of the whole protein. Lastly, mutations that disturb the 

SNARE binding properties of Cpx2 can render the protein dysfunctional. The N-terminal domain 

and the accessory α-helix contribute properties (accelerating and stabilizing) that are essential 

for facilitating fast synchronous secretion in mouse chromaffin cells. 
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4.2 Part II – Complexin2 and Synaptotagmin7 

SNARE proteins (Syb, Stx and SN25) along with regulatory proteins (Syt and Cpx) constitute 

the basic machinery for Ca2+ triggered exocytosis. Although both Syt and Cpx are known to 

interact with the SNARE complexes, it is unclear how their functions are coupled. Previous 

studies from our lab have proposed that Cpx2 hinders premature vesicle exocytosis and 

facilitates synchronous secretion with its N-terminus acting as an adaptor for the Ca2+ sensor, 

Syt1. Amperometric measurements of single vesicle release furthermore indicated that Syt1 

antagonises Cpx2 clamp action at moment of Ca2+ rise (Dhara et al., 2014). Since individual 

loss of Syt1 impairs (fast) synchronous but not the (slow) asynchronous exocytosis (Chen et al., 

2002; Pabst et al., 2002; McMahon et al., 1995; Bracher et al., 2002), it is likely that other Ca2+ 

sensors may be present. Indeed, chromaffin cells are equipped with two functionally overlapping 

Ca2+ sensors (Schonn et al., 2008; Wang et al., 2005; Segovia et al., 2010), each having 

different Ca2+ affinities (Südhof, 2002; Sugita et al., 2002; Bhalla et al., 2005). Ongoing 

experiments in our lab have comparatively analyzed granule exocytosis from null mutants (Cpx2 

ko and Syt1 ko) as well as the combined double knock outs (Cpx2/Syt1 dko). Loss of Syt1 

abolished RRP without altering tonic secretion. In the absence of Cpx2, additional loss of Syt1 

did not further aggravate the Cpx2 ko phenotype (other than the selective reduction of the 

RRP), indicating that both Cpx2 and Syt1 operate in the same pathway. No additional changes 

were observed either in tonic or evoked secretion of Cpx2/Syt1 dko cells in comparison with 

Cpx2 ko cells. These findings provide the basic framework for this part of the PhD thesis. Here, 

we investigate the role of secondary Ca2+ sensor, Syt7 together with Cpx2 in regulating granule 

exocytosis in mouse chromaffin cells. To this end, we performed patch-clamp experiments to 

identify changes in membrane capacitance from null mutants (Cpx2 ko and Syt7 ko) and double 

mutants (Cpx2/Syt7 dko). 

4.2.1 Synaptotagmin7 promotes fusion at low Ca2+ concentrations 

Syt7 is known to be a high affinity Ca2+ sensor (Wang et al., 2005) and is also responsible for 

slow exocytosis (Schonn et al., 2008). Syt7 has been reported to be the Ca2+ sensor for 

asynchronous secretion in zebrafish neuromuscular synapse (Wen et al., 2010), in hippocampal 

neurons (Bacaj et al., 2013) and at calyx of Held synapses (Luo & Südhof, 2017). Capacitance 

recordings in chromaffin cells cells lacking Syt7 show that tonic secretion is significantly reduced 

(28±13 fF, n=20) in comparison with wt cells (152±38 fF, n=17) (Fig.24A-B). This indicates that 

Syt7 supports tonic secretion at submicromolar Ca2+ concentrations (Fig.  
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Figure 24. Syt7 serves as Ca2+ sensor at low Ca2+ concentrations.  
(A). Averaged capacitance traces of wt cells (black, n=17) and Syt7 ko cells (orange, n=20) (B). Quantified rate of 
premature secretion. (C). Similar submicromolar Ca2+ concentrations during preflash measurements of CM. (D). 
Average Ca2+ concentrations recording before and after flash application (upper panel) Flash evoked synchronous 
secretion recorded over 6 sec (lower panel). (E). Quantification of different components of triggered exocytosis shows 
that Syt7 ko cells exhibit significantly reduced exocytosis. (F). Kinetics of EB components reveals that Syt7 ko cells 
exhibit faster secretion than wt cells. (G). the onset of secretion from the point of stimulation is similar in both the cell 
groups. *, p< 0.05; **, p < 0.01; ***, p < 0.001; Student’s T-test. 

24A-C). Flash evoked synchronous secretion in Syt7 ko cells also displayed a significant 

reduction in the amplitude of exocytotic burst (RRP= 47 fF, SRP=71 fF, n=17) compared to that 

of wt cells (RRP=120 fF, SRP=102 fF, n=20) (Fig. 24D-E). This reduction in fusion competent 

vesicles mirrors a defect in vesicle replenishment in Syt7 ko cells (Liu et al., 2014). The 

thorough analysis of the fitted capacitance traces revealed that chromaffin cells genetically 

deficient of Syt7 display significantly faster release kinetics (RRP=16±1 ms, SRP=360±54 ms) 

than those of the wt cells (RRP=28±4 ms, SRP=327±40 ms) (Fig.24F), indicating that Syt7 

mediates slow release. The accelerated kinetics of EB seen in Syt7 ko are most likely due to the 

other Syt isoform, Syt1 found in chromaffin cells that mediates fast synchronous secretion (Liu 

et al., 2009; Nishiki and Augustine, 2004). No changes were observed in the sustained phase of 

release. Taken together, this result indicates that Syt7 not only acts as a Ca2+ sensor, for LDCV 

fusion of vesicles at submicromolar Ca2+ concentrations but also contributes in part to the 

magnitude of synchronous fusion in chromaffin cells. 
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4.2.2 Cpx2 regulates exocytosis independently of Syt7 

Previous experiments in our lab have established that on wt background, expression of Cpx2 

hinders premature secretion and boosts exocytotic burst (Dhara et al., 2014). In order to test 

whether Cpx can also boost exocytosis in the absence of Syt7, Cpx2 was overexpressed in 

Syt7 ko cells. The results show that tonic secretion was strongly suppressed by Syt7 ko cells 

overexpressing Cpx2 (-44±18 fF, n=18) compared to both wt cells (92±18 fF, n=17) and Syt7 ko 

cells (27±19 fF, n=18) (Fig. 25A-B). This confirms that the expression of Cpx2 strongly hinders 

premature vesicle exocytosis with similar efficiency as in wt and Cpx2 ko backgrounds 

(compare with Fig. 14). Thus, Cpx2 arrests tonic secretion independently of Syt7. Upon rapid 

uncaging of Ca2+ due to UV flash, the synchronous secretion seen in Syt7 ko cells (RRP=46±7 

fF, SRP=38±4 fF) was strongly boosted by the expression of Cpx2 (RRP=94±9 fF, SRP=59±5 

fF) (Fig. 25D-E). 

 

Figure 25. Cpx2 clamps premature vesicle secretion independently of Syt7.  
Expression of Cpx2 in Syt7 ko cells suppresses premature secretion and enhances synchronous secretion with 
similar efficiency as in wt cells (A) Pre-flash membrane capacitance signals showing tonic secretion from wt cells 
(black, n=17), Syt7 ko cells (orange, n=18) and Syt7 ko cells overexpressing Cpx2 (dark green, n=18). (B) Relative 
magnitudes of tonic secretion per 10 s. (C) mean cytosolic Ca2+ signals during 120 sec of measuring CM pre-flash. 
(D) Step-wise intracellular Ca2+ changes due to flash application (upper panel) and corresponding CM traces (lower 
panel). (E) Quantification of exocytotic components. (F) time constants of exocytotic burst and (G) delay in onset of 
secretion in response to stimulus. *, p< 0.05; **, p < 0.01; ***, p < 0.001; One-way Anova test with post-hoc tukey’s 
test. 
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Secretory kinetics displayed by Syt7 ko cells overexpressing Cpx2 were indeed faster 

(RRP=12±1 ms, SRP=139±22 ms) than in wt cells (RRP=17±2 ms, SRP=324±58 ms) and 

comparable to Syt7 ko cells (RRP=10±1 ms, SRP=266±55 ms) (Fig. 25F). No significant 

changes in the stimulus-secretion coupling were found indicating that the triggering of 

exocytosis was unchanged in all the groups. Taken together, these results indicate that Cpx2 

arrests premature vesicle secretion in the absence of Syt7 and also boosts synchronous 

exocytosis as previously reported in wt cells (Dhara et al., 2014), most likely by cooperating with 

Syt1. Therefore, the functions of Cpx2 are independent of Syt7 in regulating exocytosis.  

4.2.3 Cpx2 and Syt7 operate in different molecular steps en route to fusion 

As mentioned earlier, in the absence of Cpx2, additional loss of Syt1 does not aggravate the 

Cpx2 ko phenotype indicating that both Cpx2 and Syt1 operate in the same pathway. To 

understand the functional relationship between Cpx2 and Syt7, we took advantage of a novel 

double knockout mouse (Cpx2/Syt7 dko) generated in our lab and performed capacitance 

measurements on Cpx2 ko cells and Cpx2/Syt7 dko cells. For the sake of comparison with Syt7 

ko and wt phenotypes, CM traces from Fig. 25 were superimposed in Fig. 26. The comparative 

analysis shows that Cpx2/Syt7 dko cells display diminished tonic secretion (150±30 fF, n=24, 

purple) compared to Cpx2 ko cells (349±36 fF, n=20, red) (Fig. 26A-C). This outcome is in line 

with our work on single knock out (Syt7 ko) which showed that Syt7 acts as a Ca2+ sensor at 

submicromolar Ca2+ concentrations (Fig. 24). Strikingly, the flash evoked responses of 

Cpx2/Syt7 dko cells (n=24, purple) were fully abolished compared to that in Cpx2 ko cells 

(RRP=42±8 fF, SRP=72±12 fF, n=20, red) (Fig. 26D-E). Only the sustained component of 

exocytosis was present meaning that the general fusion competence is not abolished. Overall, 

these results show that in the absence of Cpx2, additional loss of Syt7 leads to additive effects, 

indicating that Cpx2 and Syt7 operate independently. Both Cpx2 and Syt7 support synchronous 

secretion but do so in molecularly different steps.  
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Figure 26. Cpx2 and Syt7 support synchronous exocytosis by independent mechanisms.  
(A) Tonic secretion of Cpx2ko cells (red, n=20), Cpx2/Syt7 dko cells (blue, n=24), Orange (Syt7 ko cells) and black 
traces (wt cells) (B) Quantification of tonic exocytosis. Dko cells show diminished tonic secretion compared to Cpx2ko 
cells. (C). Similar intracellular Ca2+ levels before the application of flash. (D). Step-like rapid rise in [Ca2+]i upon flash 
application and average Ca2+ traces for 6s (upper panel).and corresponding CM changes (lower panel). (E). 
Quantification of magnitudes of membrane capacitance of the above-mentioned groups of cells. Notice the abolished 
RRP and SRP for dko cells in comparison with Cpx2ko cells. No changes were observed in the sustained phase 
across all the measured cell groups. (F). Secretory time constants of wt, Syt7 ko and Cpx2 ko. (G). Normalization of 
average capacitance traces during the first 1.5 s of the recording. The inset shows expanded scaling for the first 20 
ms of the flash stimulus. The Syt7-/-Cpx2-/- dko does not exhibit any exocytotic burst. (H). Quantified analysis of 
stimulus-secretion coupling. *, p< 0.05; ***, p < 0.001; One-way Anova test with post-hoc tukey’s test. 



58 
 
 

4.2.3.1 Summary of Part II 

In summary, Syt7 plays an active role as a Ca2+ sensor at submicromolar Ca2+ concentrations. 

The fast kinetics of synchronous secretion seen in Syt7 ko cells suggest a possible intervention 

by Syt1, a major Ca2+ sensor expressed in chromaffin cells. Secondly, Cpx is able to clamp 

premature granule exocytosis and supports synchronous secretion independent of Syt7. 

Consequently, the overexpression of Cpx is able to hinder tonic secretion and boost 

synchronous exocytosis even in the absence of Syt7. Furthermore, loss of Syt7 in the absence 

of Cpx2 results in dramatic additive consequences (both RRP and SRP abolished) in contrast to 

no additive changes in Cpx2/Syt1 dko cells. This shows that Cpx2 and Syt7 support 

synchronous exocytosis of vesicles in two different pathways en route to fusion, whereas Cpx2 

and Syt1 operate in the same pathway. Our data support the possibility of different secretory 

pathways where Cpx and Syt isoforms impose their regulatory roles as the granules pass from 

one state of maturity to another. Thus, an attractive model could be that Syt7 serves as the Ca2+ 

sensor in the slow release pathway whereas Syt1 assumes the Ca2+ sensing role in the 

downstream fast release pathway. 
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5 Discussion 

Several studies have demonstated that Complexin inhibits fusion of vesicles in neurons and 

neuroendocrine cells (Maximov et al., 2009; Yang et al., 2010; Kaeser-Woo et al., 2012; Wragg 

et al., 2013; Dhara et al., 2014; Mohrmann et al., 2015) but the precise mode of Cpx2 action is 

not clearly understood. Complexin comprises a central helix flanked by the N-terminus and the 

C-terminus (Fig. 27). The first part of this study pinpoints crucial amino acid residues and motifs 

in the C-terminus of Cpx2 that are responsible for maintaining a tight control over premature 

vesicle secretion. Our experiments demonstrate that the last 34 amino acids of Cpx (aa 100-

134), play a crucial role in clamping tonic secretion (Makke et al., 2018). This section comprises 

the glutamate cluster and the amphipathic region both of which appear to be involved in protein-

protein interactions in order to inhibit fusion of vesicles. Using an N-terminal truncation that 

potentially disturbs SNARE binding we could also show that the N-terminus and the accessory 

-helix lying upstream of the SNARE binding domain of Cpx2 are necessary for proper 

functioning of Cpx.  

 

Figure 27. Domain structure of Complexin2 (Cpx2) 
Numbers indicate the domain boundaries. The N-terminus (aa 1-27) is believed to facilitate exocytosis and the 
accessory  -helix (aa 27-47) is thought to stabilize the central -helix (aa 48-70) also known as the SNARE binding 
domain. The binding of the SNARE binding domain to the SNARE complex is a prerequisite for the proteins’ function. 
The C-terminus (aa 71-134) clamps premature vesicle secretion. 

5.1 The C-terminus of Cpx2 prevents premature secretion  

The C-terminus of Cpx2, is composed of about 60 amino acids constituting almost half of the 

protein. Previous studies in our lab have specifically shown that the C-terminal domain (aa 72-

134) lying downstream of the SNARE-binding domain of Cpx2, is responsible for arresting tonic 

secretion (clamp function) (Dhara et al., 2014). By hindering the depletion of release-ready 

vesicles at priming Ca2+ concentrations, Cpx2 builds up a pool of release ready vesicles that 

may be released synchronously. In order to identify the exact site of ‘clamp’ action of Cpx and 

decode its precise mode of action we employed different Cpx2 variants with different truncations 

or amino acid substitutions. Using whole cell patch clamp technique combined with flash 
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photolysis, both tonic and synchronous exocytosis in chromaffin cells were evaluated 

quantitatively in front of well-defined intracellular Ca2+ concentrations. 

5.1.1 Clamp action of Cpx2 is determined by the far C-terminus 

The truncation of the last 34 amino acids (Cpx21-100) resulted in increased tonic secretion 

indicating impaired ‘clamping’ of primed vesicles (Fig. 16). Such an increase in tonic secretion 

was also observed in Cpx2 ko cells and those expressing the Cpx2C mutant where the entire 

C-terminus (aa 73-134,) was truncated (Dhara et al., 2014). Our data suggest that the very C-

terminal amino acids (last 34) constitute the crucial region for clamping tonic exocytosis in 

mouse chromaffin cells. Our observation that the ‘clamp’ action resides in the very C-terminus is 

consistent with a previous study that showed enhanced spontaneous release in hippocampal 

neurons, when only the last 48 amino acids of Cpx1 C-terminus were truncated (Kaeser-Woo et 

al., 2012) Furthermore, with the Cpx21-100 mutant, the increase in tonic secretion was 

accompanied by a decrease in flash evoked synchronous exocytosis (Fig. 16E-H) suggesting a 

direct relationship between the loss of primed vesicles and diminished exocytosis as proposed 

by Dhara et al., 2014. An increase in tonic secretion and a decrease in evoked synaptic vesicle 

fusion was also found at the neuromuscular junctions of C. elegans due to the loss of Cpx1 

(Martin et al., 2011). The unchanged release kinetics are also in agreement with previous 

findings showing that the N-terminal domain (aa 1-27) is responsible for increased Ca2+ -affinity 

of synchronous secretion and therefore for faster release kinetics (Xue et al., 2007; Maximov et 

al., 2009; Dhara et al., 2014). The Cpx21-100 mutant, when expressed in wt cells, also enhanced 

tonic secretion and as a result decreased synchronous release illustrating its dominant negative 

phenotype (Makke et al., 2018). Thus, our experiments demonstrate that it is the very C-

terminus (last 34 amino acids) that actively clamps tonic secretion at submicromolar [Ca2+]i, 

building up a pool of primed vesicles that can be released rapidly by the Ca2+ -trigger.  

5.1.2 The C-terminal amphipathic helix is essential for clamping premature 

secretion 

Previous studies have shown that the C-terminal region of mammalian and invertebrate Cpx1 

contains a motif that may form an amphipathic helix (Seiler et al., 2009; Wragg et al., 2013). 

Motivated by the results obtained for the Cpx21-100 mutant, we systematically explored the 

functional consequences of the amphipathic motif and the glutamate cluster in the C-terminus of 

mouse Cpx2. 
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The Cpx2E/A mutant lacking seven negatively charged glutamate residues (aa 108-114) located 

upstream of the amphipathic region (aa 116-134) arrested premature vesicle secretion similar to 

the cells expressing Cpx2 indicating no changes in the clamping function of the protein. 

However, the Cpx2E/A mutant could not boost synchronous exocytosis up to the level seen with 

wt protein as expected (Fig. 20). Interestingly, the RRP was significantly reduced resembling a 

phenotype observed in Syt1 ko cells (Dhara et al., 2014). According to another previous study, 

Syt1 binds to the C-terminus of Cpx mainly by electrostatic interactions of negatively charged 

glutamates in the C-terminus of Cpx (Tokumaru et al., 2009). Mutating these glutamate residues 

in the C-terminal of Cpx to alanines or glutamines dramatically reduced the binding of Cpx to 

Syt1. Thus, the specific loss of RRP observed with the Cpx2E/A mutant, points to the possibility 

that the activity of Syt1 may have been affected due to the loss of glutamate cluster. These 

observations also affirm the view that the far C-terminus of Cpx2 is involved in protein-protein 

interactions. 

The Cpx21-115 mutant wherein the amphipathic region (aa 116-134) was truncated, failed to 

clamp premature tonic secretion causing a corresponding decrease in the size of exocytotic 

burst. In the same line, experiments with Cpx2L124,128E mutant where the hydrophobic character 

of the amphipathic C-terminus is decreased caused similar phenotype (compare Fig. 17 with 

Figs. 18 & 19). In contrast, restoring hydrophobicity by replacing leucines with tryptophan 

residues (Cpx2L124,128W) did exhibit strong clamp activity and enhanced synchronous secretion 

like the wt protein. This indicates that the hydrophobic character in the C-terminus is of crucial 

importance in clamping premature secretion. Our results are in line with mutation experiments in 

neurons, where replacing a leucine within the putative amphipathic region with a charged 

residue, lysine (CpxL117K) or a helix breaker, proline (CpxV120P) failed to suppress the elevated 

mEPSC frequency (Kaeser-Woo et al., 2012). This study also showed that substitution of L117 

and I101 with bulky hydrophobic residues, tryptophan (CpxI101W and CpxL117W) displayed 

decrease in spontaneous mEPSC signaling. Our data by highlighting the significance of key 

residues that maintain the amphipathic character at the end of C-terminus, demonstrate that the 

C-terminal amphipathic helix of Cpx2 is crucial for clamping premature vesicle secretion in 

mouse chromaffin cells. 

5.1.3 The far C-terminus of Cpx2 participates in protein-protein interactions 

In a recent study, we have demonstrated that Cpx2-CTD shows a high degree (50%) of 

sequence similarity to the hydrophobic layers +2 to +7 of SNAP25-SN1 motif (Makke et al., 
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2018). Biochemical analyses have shown that an isolated C-terminal peptide co-precipitates 

with other SNARE proteins and have also implicated the C-terminal domain in transiently 

hindering SNARE complex formation (Makke et al., 2018). These studies support our results, 

illustrating the importance of the last stretch of Cpx2 C-terminus (amphipathic region) in protein-

protein interactions. These observations are in contrast to a simple targeting role of the C-

terminal amphipathic region for concentrating other domains of Cpx2 at the site of fusion, as 

proposed by Wragg et al., 2013. Taken together, our results support a mechanism approach 

wherein the amphipathic region may act as an alternative SNARE motif that binds to half-

zippered SNARE complexes. 

5.2 Mechanistic model for clamp action of Complexin 

A large amount of experimental data now supports the view that the Cpx C-terminus which was 

once thought to be functionally inert (Xue et al., 2007) is actively involved in clamping fusion of 

vesicles (Cho et al., 2010; Martin et al., 2011; Kaeser-Woo et al., 2012; Dhara et al., 2014). In a 

recent study, our experiments provide evidence that the very C-terminal region, particularly the 

amphipathic helix present within the last 19 amino acids of Cpx2 are crucial for clamping tonic 

exocytosis (Makke et al., 2018). Here, we could also show that a C-terminal peptide (aa 101-

134) co-precipitates with SNARE proteins and is able to transiently hinder the formation of the 

ternary SNARE complex. This indicates that the C-terminus can serve as an alternative SNARE 

binding motif. Given that the zippering of SNARE proteins starts from the N-terminus to the C-

terminus of SNARE motifs and is arrested halfway, there is scope for the membrane-proximal 

layers of SNARE proteins to be unzippered and free for other protein-protein interactions (Li et 

al., 2007; Gao et al., 2012; Zhou et al., 2017). While Cpx2, with its central SNARE binding -

helix positions on the partially assembled SNARE complex in an antiparallel orientation, the 

downstream regions of Cpx2 may provide enough structural flexibility for the far C-terminus to 

fold back on membrane-proximal regions of the SNARE proteins and thus hinder their 

progressive zippering (Fig. 28). Under these conditions, the C-terminus of Cpx could bind to the 

SNAREs in a parallel orientation. Furthermore, lipid binding of the CTD could define the state of 

tonic secretion whereas SNARE binding allows the accumulation of release competent vesicles. 

This scenario is possible because the intramolecular distance between the SNARE binding 

domain and the far C-terminal domain of Cpx2 appears long enough for this flexibility to occur 

(Fig. 28 right panel). Indeed, FRET studies have shown that Cys105 of the Cpx C-terminal 

domain interacts with Syntaxin (Stx-1a) near the zero-layer providing evidence for the proposed 
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back folding of the Cpx C-terminus onto membrane proximal regions of the SNARE complex 

and interfere with their zippering (Bowen et al., 2005). Thirdly, the sequence similarities 

between the C-terminus of Cpx2 and the +2 to +7 hydrophobic layers of the SN1 motif of 

SNAP25 (Makke et al., 2018) suggest that Cpx C-terminus may compete with the SN1 domain 

of SNAP25 for binding to the SNARE complex. Thus, full zippering of the SNARE complex is 

hindered and exocytosis is halted effectively. 

 

Figure 28. Hypothetical model for clamping mechanism by Cpx C-terminal domain.  
Complexin (Cpx, violet/pink) binds with high affinity to partially zippered trans-SNARE complexes composed of 
vSNAREs (Syb2, blue) and tSNAREs (Stx, red/orange; SNAP25, green). Cpx C-terminus folds back to either interact 
with the vesicular membrane where it does not inhibit tonic release (left panel) or clamps the partially assembled 
SNARE complex (right panel), leading to accumulation of primed vesicles (adapted from Mohrmann et al., 2015). 
Thus, the amphipathic region provides both lipid interactions and protein-protein interactions. 

5.3 N-terminal domains are necessary for proper Cpx functions 

Previous experiments in our lab have shown that the N-terminally truncated Cpx2 variant (aa 

28-134) could arrest tonic secretion effectively but slowed down the evoked release due to 

reduced Ca2+ -sensitivity of synchronous secretion (Dhara et al., 2014). In the current study, 

truncating the N-terminal domain, the accessory α-helix, and a few amino acids into the SNARE 

binding domain resulted in severe loss of synchronous secretion accompanied with slow release 

kinetics and prolonged secretory delay typical in Cpx2 ko cells. The overall phenotype indicates 

that the protein may be dysfunctional. Since it is well established that stable binding of Cpx’s 

central α-helix to the SNARE complex is crucial for all functions of Cpx, deletion of the first 53 

amino acids (Cpx253) may hinder stable binding of the remaining C-terminal fragment (Cpx254-

134) to the SNARE complex. Previous studies have shown that the amino acids within the 

accessory -helix stabilize the secondary structure of the central -helix (Pabst et al., 2000; Xue 

et al., 2007; Radoff et al., 2014). The loss of crucial amino acids (R48, H52) within the central 
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SNARE binding -helix has been shown to perturb the binding of Cpx to the SNARE complex 

(Xue et al., 2007). Furthermore, we have shown that the isolated C-terminus of Cpx2 clamps 

premature secretion and boosts synchronous secretion when expressed in wt cells but not in 

Cpx2 ko cells (Makke et al., 2018). This indicates that other domains of Cpx2 are important 

either for cooperating with the C-terminus or for bringing the exocytotic machinery into a state 

where the C-terminus of Cpx2 exerts its inhibitory function. Therefore, we conclude that the 

Cpx253 lacking the N-terminal domain and the accessory α-helix domain has no clear functional 

phenotype most likely because of impaired SNARE binding. 

5.4 The Complexin – Synaptotagmin Interplay 

Cpx2 and Syt1 control the magnitude and timing of synchronous exocytosis by different 

molecular mechanisms. Cpx with its C-terminus clamps partially zippered SNARE complexes, 

hindering premature vesicle secretion, leading to the accumulation of vesicles (Makke et al., 

2018). Syt1, with its Ca2+ binding kinetics determines the timing of fusion events (Voets et al., 

2001; Nagy et al., 2006). Recent amperometric data showed that Ca2+ bound Syt1 exhibits an 

antagonistic action by which Cpx2-mediated restraints are overcome leading to full vesicle 

fusion (Dhara et al., 2014). Intriguingly, chromaffin cells express two isoforms of Synaptotagmin 

namely Syt1 and Syt7 (Schonn et al., 2008), each having different affinities for Ca2+ (Bhalla et 

al., 2005). In the present study, we investigated the role of the secondary Ca2+ sensor, Syt7 in 

relation to Cpx2 using a combination of null mutants for Syt7 and Cpx2 as well as Cpx2/Syt7 

dko cells. 

5.4.1 Role of Syt7 and Syt1 in chromaffin cells 

Several studies in neurons have shown Syt7 mediates slow asynchronous secretion (Wen et al., 

2010; Bacaj et al., 2013; Luo & Südhof, 2017). In this thesis, we show that Syt7 promotes 

premature secretion at submicromolar Ca2+ concentrations in chromaffin cells (Fig. 24). In 

contrast, loss of Syt1 does not affect tonic exocytosis at similarly low Ca2+ concentrations as 

shown by earlier experiments in our lab (Dhara et al., 2014). Viewed together, these data 

indicate a functional distinction between both the co-existing Ca2+ sensors. Furthermore, the 

flash evoked synchronous secretions in Syt7 ko cells showed an exocytotic burst of reduced 

magnitude but with significantly faster release kinetics. While the reduced EB amplitude may be 

due to defective vesicle replenishment (Liu et al., 2014), the more rapid exocytosis of vesicles is 

most likely due to the presence of the remaining Ca2+ sensor, Syt1 which is known to have 



65 
 
 

faster Ca2+ binding kinetics. This conclusion is corroborated by the observation that loss of Syt1 

selectively abolishes the fast component (RRP) in chromaffin cells (Dhara et al., 2014). 

Collectively, these data indicate that the secretion in chromaffin cells is functionally divided, 

wherein the slow premature secretion is mediated by Syt7 and fast synchronous secretion is 

mediated by Syt1. Interestingly, the two Ca2+ sensors expressed in chromaffin cells can function 

as stand-alone Ca2+ sensors in accordance with their Ca2+ binding properties. Thus, Syt7 is 

active Ca2+ sensor at submicromolar Ca2+ concentrations, consistent with its higher Ca2+ affinity 

whereas Syt1 is active at higher Ca2+ concentrations, in line with its lower Ca2+ affinity. 

5.4.2 Cpx2 does not clamp Ca2+ sensors 

It is possible that Cpx2 prevents premature secretion either by directly clamping the SNARE 

assembly or alternatively by clamping the triggering molecules like Syt7 or Syt1. Indeed, 

previous literature has suggested that loss of Cpx unclamps the secondary Ca2+ sensor 

indicating direct interaction (Yang et al., 2010). To explore this scenario, we expressed Cpx2 in 

Syt7 ko background. The results show that overexpression of Cpx2 suppressed tonic secretion 

with similar efficiency as in wt cells or in Cpx2 ko cells, providing no evidence for such functional 

interaction of Cpx2 with the secondary Ca2+ sensor. Therefore, the clamp action or its loss does 

not seem to be mediated by the functional interaction of Cpx2 with Syt7. In the same line, 

overexpression of Cpx2 in Syt1 ko cells also suppressed premature release (Dhara et al., 2014) 

indicating that Cpx interacts with neither Syt7 nor Syt1. Thus, Cpx2 hinders exocytosis 

independently of both the Ca2+ sensors (Syt7 and Syt1) in chromaffin cells. Furthermore, our 

results also indicate that Cpx2 clamps SNAREs directly but not the Ca2+ sensors, as pointed out 

in a previous study on hippocampal neurons (Yang et al., 2010). At this point, it also interesting 

to note that the clamping of tonic secretion is an action specific to Cpx2, because no increase in 

premature exocytosis was observed in Syt1 ko cells (Dhara et al., 2014). Thus, clamping 

premature exocytosis is not a general feature of SNARE regulators. 

5.4.3 Friends and Foes of Cpx 

Our observations with single knock out cells (Syt7 ko, Syt1 ko, Cpx2 ko) and double ko cells 

(Cpx2/Syt1 dko) provide interesting information about how Cpx works together with either of the 

Syt isoforms in chromaffin cells. The results indicate that Cpx2 cooperates with Syt1 but not with 

Syt7. Several lines of evidence support this conclusion. First, the over expression of Cpx2 in 

Syt7 ko cells enhanced the EB with similar efficacy as in wt cells (Fig. 25) but failed to do so in 



66 
 
 

Syt1 ko cells (Dhara et al., 2014). Second, previous experiments in our lab have shown that in 

comparison to Cpx2 ko, additional loss of Syt1 (Cpx2/Syt1 dko) does not further aggravate the 

Cpx2 ko phenotype, as expected for proteins acting in the same molecular pathway. Third, 

additional loss of Syt7 (Cpx2/Syt7 dko) fully abolished both the RRP and SRP components. 

Overall, these experiments provide strong evidence that Cpx2 and Syt1 cooperate in the RRP 

pathway. In contrast, Syt7 acts independently in different molecular steps/pathways. Previous 

studies suggested that the two Ca2+ sensors act in a functionally redundant manner (Schonn et 

al., 2008). Our comparative analysis of both double deficiencies together with expression 

experimients instead showed that Syt1 and Syt7 fulfill distinct functions.  

Furthermore, another interesting aspect of the Cpx2/Syt7 dko phenotype is the undiminished 

component of sustained release, although priming of vesicles is fully abolished. This indicates 

that in the absence of Syt7 and Cpx2, not all types of fusion are similarly affected. It suggests 

that sustained release is molecularly distinct and may reflect exocytosis from a less mature 

state of release readiness (Bruns., 2002). 

Based on the observations above, we propose a possible working model of Cpx2 and 

Synaptotagmins (Fig. 29) wherein Cpx inhibits premature granule exocytosis thereby allowing 

the accumulation of vesicles in a release competent state. Most likely, Cpx with the help of its C-

terminus clamps the partially zippered membrane proximal layers of SNARE proteins. The N-

terminus of Cpx2 fulfills a facilitatory function either by promoting full assembly of SNARE 

proteins or by regulating the binding configuration of Syt1. The N-terminus may act as an 

allosteric adaptor for Syt1 and modulate the Ca2+ -dependency of synchronous secretion 

(Neher, 2010; Dhara et al., 2014). The different modes of cooperation of Cpx with Syt7 and Syt1 

points to the possibility that Cpx shifts the balance between the two Ca2+ sensors, from a more 

immature, Syt7 driven exocytosis to a more mature Syt1 based secretion. Accordingly, Cpx 

inhibits vesicles in both secretory pathways (tonic and phasic) and also shifts the usage of Syt 

variants from Syt7 to Syt1. When the secretory vesicle is able to recruit Syt1, instead of Syt7, it 

has the chance to be ‘super-primed’ bringing the vesicle to a very quickly releasable state. This 

implies that either pathway seems to engage a predominant Ca2+ sensor. While Syt1 promotes 

preferentially RRP exocytosis, Syt7 plays a major role in the exocytosis of vesicles from the 

SRP as well as for the tonic secretion at submicromolar Ca2+ concentrations. Therefore, the 

kinetics of Syt1 dependent RRP are overall faster than those of Syt7 mediated SRP. In the 

absence of one Ca2+ sensor (Syt1), the exocytotic machinery relies on the alternative Ca2+ 
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sensor (Syt7). With the arrival of Ca2+ trigger, Syt antagonizes Cpx2 action on half-zippered 

SNARE complexes leading to full zippering of the proteins and thus to full fusion. 

 

Figure 29. Hypothetical model describing vesicle maturation and Synaptotagmin - Complexin interplay.  
Abbreviations: UPP, unprimed pool; SRP, slowly releasable pool; RRP, readily releasable pool. Syt7 serves as a 
priming agent at earlier stages of vesicle maturation as well as Ca2+ sensor at submicromolar Ca2+ concentrations. 
The clamp function of Cpx2 allows vesicles to progressively attain release competence. As the vesicle matures, its 
release becomes more and more Syt1 mediated leading to rapid release upon Ca2+ entry. Loss of Syt1 impairs the 
RRP pathway and the loss of Syt7 disables the replenishing of vesicles from UPP through SRP. 

5.4.4 Outlook 

Despite a wealth of information on the mechanism of neurotransmitter release, several 

questions still remain open about the mechanism of SNARE regulators (Cpx and Syt). Future 

experiments addressing the interactions between the N-terminal domain of Cpx2 and Syt1 

and/or Syt7 will be helpful in elucidating the role of Cpx and Syt in governing regulated 

exocytosis. Functional consequences of mutations in the N-terminal amino acids of Cpx2 as 

well as the Ca2+ -binding domain of Syt1 and Syt7 could be verified. The role of Syt7 in 

regulating fusion pore dynamics using amperometry can be employed. Analysis of sequence 

and structural differences between Syt1 and Syt7 can be instrumental in understanding the 

molecular mechanism behind the triggering functions of Ca2+ sensors both in neurons and 

neuroendocrine cells. Chimera experiments that modulate the Ca2+ affinities or the membrane 

binding properties of Cpx and Syt may also provide substantial information regarding the 

structure-function relationships of these Ca2+ sensors. Structural studies, imaging techniques 

and electrophysiological studies will continue to be essential to test the emerging models and to 

better understand the mechanism behind the release machinery. 
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6 Conclusions 

Complexin and Synaptotagmin are known to regulate SNARE mediated exocytosis, but their 

precise mode of action and how they interact with each other has remained unclear. While the 

C-terminus of Cpx2 is seen to clamp premature secretion and consequently boosts exocytosis, 

the N-terminal domain of Cpx2 is responsible for speeding up of exocytosis. This dissertation 

narrows down the territory of relevant amino acids for clamp action of Cpx to the very C-

terminus (last 34 amino acids) which comprises two important regions. The glutamate cluster 

(aa 108-114) is expendable for clamping premature exocytosis but is important for maintaining 

the integrity of the readily releasable pool of vesicles. The amphipathic motif (aa 116-134) is 

critical for clamping premature exocytosis, most likely by participating in protein-protein 

interactions. Given the intramolecular distance between the amphipathic helix and the SNARE 

motif, it is possible that the very C-terminus flips over to interfere with the assembling SNARE 

complex. By this it prevents full zippering of SNARE motifs and thus hinders fusion of vesicles. 

Furthermore, an intact SNARE binding α-helix (aa 42-71) and the upstream domains are crucial 

for maintaining proper functions of Cpx. Our experiments also illustrate that Syt7 acts a Ca2+ 

sensor at submicromolar Ca2+ concentrations. Consistent with the proposed clamp action of 

Cpx2, the protein hinders tonic secretion independently of both Syt1 and Syt7. The double 

deficiency of Cpx2 and Syt7 leads to additive effects in contrast to the non-additive effects 

observed with the Cpx2/Syt1 dko. This indicates that Cpx2 affects Syt1 and Syt7 dependent 

synchronous secretion differentially. It seems to cooperate with Syt1 in the fast release pathway 

but not with Syt7, which mediates the slow release of vesicles. 
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