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Abstract

Neurotransmitters release and reception mediate chemical synaptic transmission.
Neurotransmitters are packaged into two distinct classes of vesicles, “dense-core
vesicles” (DCVs) and “synaptic vesicles” (SVs). The secretion from both DCVs and
SVs share the common exocytotic machinery, i.e., Ca?* regulated exocytosis. Instead,
Synapsin (Syn) la is a SV-specific SV protein, essential for recruiting SVs by
phosphorylation. Upon the appropriate stimulus, Syn la undergoes phosphorylation,
thus recruiting SVs to release sites. Therefore, the phosphorylation of Syn la up-
regulates the release of SVs. Although Syn la is also abundant in the axon terminals
containing DCVs, whether (or how) Syn la regulates the DCV release remains
completely unknown. To determine the Syn Ia’s regulation of DCV exocytosis at the
single-vesicle level, we directly measured the NE release from DCVs by performing
single-vesicle amperometry in transfected PC12 cells following molecular
perturbation. We showed that Syn la can regulate the dynamics of DCV exocytosis in
a phosphorylation-dependent manner. In addition, Syn la can modulate the kinetics of
fusion pores, the intermediates during DCV fusion, suggesting that Syn la regulates
the stabilization of opening DCV fusion pores. Since Syn | rarely localized to DCVs,

Syn la may interact certain protein to regulate DCV exocytosis. To further predict and

Vil
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identify the candidate Syn la-interacting proteins, we combined bioinformatics, co-

immunoprecipitation, and proximity ligation assay. As the results, we identified that

the in vivo interaction between Syn la and Synaptophysin (Syp). In addition, Syn la

may directly interact with Syp in situ in the same cell. Finally, we showed that the in

vivo interaction between Syn la and Syp was not attributed to the change in

expression levels, but dependent on the phosphorylation of Syn la. In conclusion, our

results not only unveil how the SV-specific protein Syn la regulates the dynamics of

DCV exocytosis, but also provide a new conceptual advance regarding the co-release

mechanism of DCVs and SVs, conferring the versatility of neurotransmitter release.

Keywords: Synapsin la; Exocytosis; Dense-core vesicles; Fusion pore kinetics;

Synaptophysin
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Abbreviations
ACh: Acetylcholine
Ap3dl1: Adaptor-related protein complex 3 subunit delta 1
ATMK: Ataxia telangiectasia mutated kinases
BDNF: Brain-derived neurotrophic factor
C: close state
Calcium: Ca
CaMK I: Ca?*/ calmodulin-dependent protein kinase |
CaMK I1: Ca?*/ calmodulin-dependent protein kinase Il
CaMK lla: Ca?*/ calmodulin-dependent protein kinase Il alpha
CaMK llg: Ca?*/ calmodulin-dependent protein kinase Il gamma
CaMK IV: Ca?*/ calmodulin-dependent protein kinase 1V
CAPON: Carboxyl-terminal PDZ ligand of neuronal nitric oxide synthase protein;
NOS1lap
Cdk1/5: P olo-like kinase Cdk 1/5
cdks: Cyclin-dependent protein kinases
CFE: Carbon fiber electrode

ChB: Chromogranin B
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CMV: Cytomegalovirus

CNS: Central nervous system

Co-IP: Co-immunoprecipitation

Crk: Adapter molecule crk

Ct: cycle threshold

Ctrl: pCMV-IRES2-EGFP

D: Dilation state

DA: Dopamine

DAPI: 4',6- diamidino-2-phenylindole

DCV: Dense-core vesicle

DEPC: Diethyl pyrocarbonate

Dgki: Diacylglycerol kinase

Dgkz: Diacylglycerol kinase zeta

ECL: Enhanced chemiluminescence

EDTA: Ethylenediaminetetraacetic acid disodium salt dehydrate

EGFP: Enhanced green fluorescent protein

EM: Electron microscopy

Erc 1: ELKS/Rab6-interacting/CAST family member 1
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Erk: Extracellular signal-regulated kinase

FF: Full fusion

GABA: y-aminobutyric acid

IB: Immunoblotting

IF: Immunofluorescence

IP: Immunoprecipated

IRES: Internal ribosome entry site

Hank’s solution: Hank’s balanced salts modified

HNS: Hypothalamic-neurohypophysial system

kb: Kilo-base pair

ke: The rate constants of fusion pore closure and dilation (ka)

ke: The rate constants of fusion pore dilation

Kcnmal: Calcium-activated potassium channel subunit alpha-1

KR: Kiss and run

LB: Luria broth

Lrrk2: Leucine-rich repeat kinase 2

LTP: long term potentiation

MAPK: Mitogen-activated protein kinase
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Marcks: Myristoylated alanine-rich C-kinase substrate

MSA: multiple sequence alignment

NE: Norepinephrine

NMDA 3B: N-methyl-D-aspartate receptor subunit 3B

NMDAR: NMDAR receptors

NO: nitric oxide

NOS1ap: Nitric oxide synthase 1 adaptor protein

nNNOS: neuronal NO synthase

O: Open state

OT: Oxytocin

PAK: p21-activated kinase

PBS: Phosphate buffer solution

PFA: Paraformaldehyde

PKA: Protein kinase A

PKC: Protein kinase C

PLA: Proximity Ligation Assay

PSF: Prespike foot or prespike feet

PP: Posterior pituitary
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PPI: Protein-Protein Interaction

Prickle 1: Prickle-like protein 1

Rims 2: Regulating synaptic membrane exocytosis protein 2

RP: Reserve pool

RRP: Readily releasable pool

PVDF membranes: Polyvinylidene fluoride membranes

Unc 13D: Protein unc-13 homolog D

S62A: phosphodeficiency at Ser62

S9,566,603A: phosphodeficiency at Ser9, 566, 603

SEM: Standard errors

SLP: short-lived plasticity

SNAP-25: Synaptosome-associated protein of 25 kDa

Snapin: SNARE-associated protein Snapin

SNARE: Soluble N-ethyl-maleimide-sensitive factor (NSF) attachment protein

receptor

SON: Supraoptic nucleus

Src: Src family kinases

SV: Synaptic vesicle
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Syb: Synaptobrevin

Syb I1: Synaptobrevin Il

Syns: Synapsins

Syn la: Synapsin la

Syn la-S62A: pCMV-Syn la-S62A-IRES2-EGFP

Syn 1a-59,566,603A: pCMV-Syn 1a-S9,566,603A-IRES2-EGFP

Syp : Synaptophysin

Syt: Synaptotagmin

Syt I: Synaptotagmin |

Stx: Syntaxin

Stx I: Syntaxin |

t-SNARE: target SNARE

VP: Vasopressin

v-SNARE: vesicle SNARE

Xkr: The fraction of KR events
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Chapter I

Introduction

1.1 Constitutive and regulated secretion

In all eukaryotic cells, secretory products are transported and released into
extracellular space via two distinct pathways, i.e., constitutive or regulated pathway
(Burgess and Kelly, 1987; Kelly, 1985; Levitan and Kaczmarek, 2015; Nicholls,
1994). In constitutive exocytosis, vesicles carrying lipids, cytosolic proteins (e.g.,
albumin, growth factors, etc), and membrane protein (e.g., receptors) are delivered
from trans-Golgi network to cell surface. Subsequently, the arrived vesicles at the cell
surface fuse with the plasma membrane, resulting in release of the contents from the
vesicles interior into the extracellular space. Particularly, in the constitutive pathway,
the movement of lipids and membrane proteins is continuous. Additionally, as the
vesicles arrive at the cell surface, constitutive exocytosis immediately occurs without
an external stimulus (Dumermuth and Moore, 1998; Gumbiner and Kelly, 1982).
Eukaryotic cells rely on this constitutive secretory pathway to maintain growth,

survival, and differentiation of cells. On the other hand, the features in regulated
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exocytosis are distinguished from those in constitutive exocytosis. The secretion in
regulated exocytosis from endocrine cells, neurons, and exocrine cells requires
specific signals to trigger release (Dumermuth and Moore, 1998; Gumbiner and
Kelly, 1982; Kelly, 1985). For example, neurotransmitters, such as neuropeptides,
monoamines, and small molecules, are packaged into vesicles that are transported to
presynaptic terminals (the release site). Upon arrival of the appropriate stimulus, the
fusion of the vesicles with the plasma membrane allows the packed neurotransmitters
released into the extracellular space. The receptors on postsynaptic cells thus receive
the neurotransmitters to activate the ligand-gated ion channels and the corresponding
downstream signaling pathways. Owing to neurotransmitter release and reception,
chemical synaptic transmission, the fundamental process in the nervous systems, can
occur among neurons in the network.

Calcium (Ca2") is mainly regarded as a key regulator in regulated exocytosis
(Jahn and Fasshauer, 2012). The process of Ca?*-regulated exocytosis (Fig. 1A) can
be divided into several steps (Sollner et al., 1993a). First, vesicles are initially docked
and then primed by chemical energy onto plasma membrane. Subsequently, the supra-
threshold stimulus arrived to open voltage-gated channels, allowing Ca?* influx. In

response to Ca?* influx, the Ca?* sensor then quickly binds to Ca?* and induces the
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assembly of the soluble N-ethylmaleimide sensitive factor attachment protein receptor

(SNARE) complex, comprising two t-SNARE proteins, and one v-SNARE protein

(Baker and Hughson, 2016; Sollner et al., 1993b; Sudhof and Rothman, 2009; Voets,

2000). During the initial step of vesicle fusion, a fusion pore, the reversible formation

of such a channel, connects the vesicle interior with the extracellular space, allowing

vesicles to undergo two types of fusion events—“Full fusion (FF)” or “Kiss and run

(KR)” (Fig. 1B) (Wang et al., 2006; Wang et al., 2003). The vesicles fuse with the

plasma membrane completely termed “FF”, whereas “KR” means transient vesicle

fusion, releasing neurotransmitters partially, re-forming vesicles again, and finally

leaving the plasma membrane. Vesicle can selectively undergo FF or KR by different

molecular mechanisms, thus leading to the diverse dynamics of exocytosis.

1.2 The kinetics of fusion pores

During the initial step of vesicle fusion, the vesicle fuse with plasma membrane,

thereby forming the narrow “Q”-shaped structure (Fig. 1A). The reversible formation

of such a channel connecting the vesicle interior with the extracellular space termed

“fusion pore” (Breckenridge and Almers, 1987; Chandler and Heuser, 1980). The

intermediate structure before dilation of the fusion pore is under vigorous debate on
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whether fusion pores are proteinaceous or lipidic. The proteinaceous pore is a

channel-like structure formed by the assembly of hemi-channels (composed of

proteins) in the two fusing membranes (Chang et al., 2015). An alternative

intermediate is hemifusion diaphragm in which only the proximal leaflets of the

proximal membranes are fused while the distal leaflets engage in an extended bilayer

region (Zhao et al., 2016). A large body of studies indicated that both proteins and

lipid seemed to be necessary for the processes of membrane fusion. Thus, a new

hypothetical model of a composite protein—lipid fusion pore has been proposed that

the exocytotic fusion pores are neither entirely protein nor entirely lipid (Bao et al.,

2016; Chang et al., 2017).

A powerful real-time technique, single-vesicle amperometry (Wightman et al.,

1991), provides the most sensitive measurement for vesicular release by detecting

oxidized-neurotransmitters released from vesicles (Fig. 3A). An efflux of

neurotransmitters out of a narrow fusion pore corresponds to the foot signal preceding

the spike in amperometric recordings (Chow et al., 1992). Since the opening of fusion

pore resembles that of ion channels, the kinetic model for fusion pore is proposed

according to single-channel analysis (Wang et al., 2006; Wang et al., 2001). Three

transition states of fusion pore were demonstrated as the close state (C), open state
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(O), and dilation state (D). The rate constant of the step from C to O is defined as ko,
for the step from O to C as k¢, and for the step from O to D as kq. After analyzing
secretory events from amperometric recordings, the rate constants kc and kq are
calculated by using the specific equations derived from single-channel kinetics in
previous studies (Chiang et al., 2014; Wang et al., 2006; Wang et al., 2001). The
increase in both ke and kq suggested that the open fusion pore prefer to enter the close
and dilation state. In contrast, the reduction in both ke and ka suggested that the fusion
pore prefer to stay in the open state. The alterations in kc or kq thus provide

information for the changes in fusion pore kinetics during Ca?*-regulated exocytosis.

1.3 Dense-core vesicles (DCVs) and synaptic vesicles (SVs)

The neurotransmitters release from vesicles initiate chemical synaptic
transmission (De Camilli and Jahn, 1990). Vesicles are divided into two major types.
One is “dense-core vesicles” (DCVs) and the other is “synaptic vesicles” (SVs).
Despite both DCVs and SVs share the common exocytotic machinery (De Camilli and
Jahn, 1990; Sollner, 2003), the sizes, contents, positions relative to plasma membrane,
and secretion rates from DCVs and SVs are absolutely different (Gondre-Lewis et al.,

2012). The DCVs are comparatively large and contain dense cores inside the vesicles.
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DCVs abundantly express at least one member of the chromogranin or secretogranin.

The diameter of DCVs is approximately 100-300 nm. Additionally, DCVs package

slow neurotransmitters, such as neuropeptides [oxytocin (OT) and vasopressin (VP)],

monoamines (e.g., serotonin), and catecholamines [e.g., norepinephrine (NE) and

dopamine]. Unlike DCVs, SVs, much smaller than DCVs, have a clear, circular

appearance under electron microscopy and contain fast neurotransmitters, including

acetylcholine (ACh) and y-aminobutyric acid (GABA). SVs are located at active

zones in close proximity to plasma membrane, resulting in the fast kinetics of release.

Conversely, DCVs do not dock onto plasma membrane, thus exhibiting longer latency

of vesicle fusion in response to stimulation. Since both DCVs and SVs act as critical

signaling roles to mediate synaptic transmission, the abnormal secretion from SVs and

DCVs could lead to severe, debilitating disorders. For example, the levels of

neuropeptides in the postmortem cerebral cortex (Gabriel et al., 1996) and the levels

of brain-derived neurotrophic factor (BDNF) in prefrontal cortex (Weickert et al.,

2003) from schizophrenic patients are decreased, indicating that defects in neural

transmission may involve in the pathogenesis of schizophrenia. In addition, the

hippocampus of Alzheimer’s mouse and the postmortem brain from Alzheimer’s

patients show extensively colocalization of chromogranin, the DCV marker, with
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amyloid-8 plaques, suggesting a potential role of the DCV in the Alzheimer’s disease

pathology (Willis et al., 2011).

1.4 The common machinery in both DCVs and SVs: Synaptotagmin | and the N-
ethylmaleimide sensitive factor attachment protein receptor (SNARE)
complex
Syts and SNARE proteins have central roles in mediating Ca?*-regulated

exocytosis (Fig. 1A), essential for many physiological processes and effective

neuronal communication. Syts constitute a large protein family of at least seventeen
isoforms (Craxton, 2010). Most of Syt isoforms are present in the central nervous
system (CNS). Among these isoforms, Syt | serves as a Ca®* sensor that is essential in

depolarization-induced Ca?*-regulated exocytosis (Koh and Bellen, 2003). Syt | is a

vesicle-associated protein most localized to vesicles or plasma membrane. Syt |

consists of a short N-terminal luminal segment, a single transmembrane (TM), and o.-

helix region containing two cytosolic Ca?*-binding C2 domains, i.e., C2A and C2B

(Shao et al., 1996). Upon binding to Ca2*, Syt I first binds to phosphatidylserine (PS)-

containing lipid bilayers via its C2B domain to mediate vesicle membrane attachment

(Chang et al., 2018; Honigmann et al., 2013). Subsequently, Syt | further binds to
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soluble SNARE proteins to trigger assembly of SNARE complex (Kreutzberger et al.,
2017). The highly stable four-helical SNARE complex provides the energy for
membrane fusion (Zhou et al., 2015).

Previous studies showed that knockout of Syt | dramatically blocks Ca?*-regulated
exocytosis (Bacaj et al., 2013). Deletion of Syt | leads to a drastic reduction in the
membrane docking of vesicles (de Wit et al., 2009; Kedar et al., 2015). Moreover, the
mutation in the Ca?*-binding sites of Syt | alters the release in both synapses
(Fernandez-Chacon et al., 2001; Mackler et al., 2002; Nishiki and Augustine, 2004;
Stevens and Sullivan, 2003) and neuroendocrine cells (Wang et al., 2006), by
impairing PS binding (van den Bogaart et al., 2012) and Ca?*-stimulated SNARE
binding (Lynch et al., 2008; Pang et al., 2006). As for the role in regulating the
kinetics of fusion pore, Syt | controls the choice between kiss-and-run and full-fusion
events through Ca?* binding to different C2 domains (Wang et al., 2003). In addition,
Syt | promotes the open fusion pore towards full dilation compared to Syt VII or Syt
IX, consistent with its significant role in enhancing Ca?*-regulated exocytosis (Zhang
etal., 2010).

The SNAREs, the key proteins involved in vesicle fusion, consist of the v-SNARE

(Synaptobrevin 11, Syb 11, or also known as vesicle-associated membrane protein Il,
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VAMP-II), the t-SNARESs (Synaptosome-associated protein of size 25 kDa, SNAP-25

and Syntaxin I, Stx I) (Schiavo et al., 1992; Sollner et al., 1993b; Sollner, 2003;

Sorensen, 2005; Stojilkovic, 2005). Syb Il and Stx | localize to the vesicle and plasma

membrane, respectively, via transmembrane domain (TM) domains. Unlike Syb 11

and Stx I, SNAP-25 only anchors plasma membrane via palmitoyl side chains at the

center of protein.

A series of studies showed that manipulations of the TM domains of SNARE

proteins affect the fusion pore properties during exocytosis, consistent with the

important roles of SNAREs in regulating membrane fusion (Wu et al., 2017). For

example, mutations at residues of the TM domain in Syb 11 (Chang et al., 2015) or Stx

I (Han and Jackson, 2005; Han et al., 2004) influence the release passing through

exocytotic fusion pores, suggesting that Syb Il and Stx | are the structural components

of the fusion pore. During membrane fusion, SNAP-25, Syb I, and Stx | pull the

membranes together. The TM domain of Syb complementing the TM domain of Stx |

may line the nascent proteinaceous fusion pore through the plasma membrane (Chang

et al., 2017). The three-dimensional architectural evidence of one study (Adams et al.,

2015) showed six Syb Il dimers bind to six Synaptophysin (Syp) molecules,
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assembling into a hexameric ring involved in the SNARE-mediated membrane fusion,

implicating the potential role of the TM domain of Syp in regulating vesicle fusion.

1.5 The SV-specific protein: Synapsin la

Synapsins (Syns), abundantly neuronal phosphoproteins, localize to SVs

exclusively with the well-known function in recruiting of SVs in a phosphorylation-

dependent manner (Cesca et al., 2010; Hosaka et al., 1999; Huttner and Greengard,

1979). Moreover, Syns also contribute to synapse formation, maturation, and plasticity.

Syns are widespread in the nervous system and also found in neuroendocrine cells, such

as chromaffin cells and PC12 cells (Haycock et al., 1988; Romano et al., 1987a;

Romano et al., 1987b), and other non-neuronal cell types, including astrocytes (Cahoy

et al., 2008; Maienschein et al., 1999), pancreatic  cells (Matsumoto et al., 1999),

osteoblasts, epithelial cells (Bustos et al., 2001), HeLa cells, and NIH/3T3 cells (Hurley

et al., 2004). The Syn family consists of ten isoforms, i.e., Syn la-b, lla-b and Illa-f

(Sudhof et al., 1989), with a highly conserved N-terminal region and a relatively

variable C-terminus. Among all the homologous proteins, Syn la is the best studied in

the nervous system. Here, we would give a comprehensive description of Syn la,

regarding its structure, function, and potential role in relevant neurological diseases.

10
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Syn Ia is first identified and characterized by Paul Greengard’s group (Bahler and
Greengard, 1987; Baldelli et al., 2007; Benfenati et al., 1989a; Benfenati et al., 1989b;
Benfenati et al., 1990; De Camilli et al., 1983; Fornasiero et al., 2010; Sudhof et al.,
1989; Yang et al., 2002). Syn I, encoded by the SYNL, is originally named as the neuron
specific protein I, but later termed Synapsin 1. The structure of Syn la, of about 700 aa,
consists of five domains (Fig. 2A). The N-terminal region can be divided into three
domains, A, B and C, whereas the C-terminal region can be divided into two domains,
D, and E. In addition, nine phosphorylation site are found in the whole Syn la structure.
Domain A, the highly conserved region among all Syns, contains the phosphorylation
site Ser-9 for protein kinase A (PKA) and Ca?*/ calmodulin-dependent protein kinase
(CaMK) I/IV (Czernik et al., 1987; Huttner and Greengard, 1979). In particular, the
Ser-9 site is the major phosphorylation site conserved between Syns of both vertebrate
and invertebrate animals. Domain B, considered as a linker region connecting domain
A to domain C, contains the phosphorylation sites Ser-62 and Ser-67 for mitogen-
activated protein kinase (MAPK)/Extracellular signal-regulated kinase (Erk)
(Jovanovic et al., 1996). Domain C, the largest region of Syn la, contains both
hydrophobic and highly charged sequences, used for the interaction of Syn la with other

molecules. The phosphorylation site Tyr-301 in domain C is activated by Src family

11
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kinases (Src) (Messa et al., 2010; Onofri et al., 2007). Domain D, a proline-rich domain,
contains phosphorylation sites Ser-556 and Ser-603 for CaMKII (Czernik et al., 1987;
Jovanovic etal., 1996). The Ser-603 site is also phosphorylated by p21-activated kinase
(PAK) (Sakurada et al., 2002). Moreover, domain D also contains phosphorylation sites
Ser-549 and Ser-551 for Polo-like kinase Cdk 1/5 (Cdk1/5) and MAPK/Erk (Jovanovic
et al., 1996; Matsubara et al., 1996). Lastly, the domain E is present in all the “a”
isoforms, but absent in “b” isoforms. The phosphorylation site Ser-682 of domain E is
activated by Ataxia telangiectasia mutated kinases (ATMK) (Li et al., 2009).

Syn la is a key regulator of SV dynamics by modulating the storage and
mobilization via its phosphorylation in presynaptic terminals (Fig. 2B). Different
phosphorylation sites of Syn la drive different functions. Under basal conditions, the
levels of phosphorylation on Ser-9 site is at a low degree (Menegon et al., 2000). Upon
the depolarization-induced Ca?* influx, the Ser-9 site is rapidly phosphorylated by PKA
and CaMK I/1V, resulting in dissociation of Syn la with SVs (Chi et al., 2001; Chi et
al., 2003; Huttner and Greengard, 1979). Furthermore, the Ser-9 phosphorylation
triggers subtle conformational changes in the structure of Syn la, thus decreasing the
binding with actin (Bahler and Greengard, 1987; Benfenati et al., 1990). Moreover, at

resting, Syn la tethers SV to actin, forming clusters in the reserve pool (RP). When the

12
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stimulus arrives, phosphorylation of Ser-566 and Ser-603 sites induces major

conformational changes in the Syn la structure, which contributes to a severe reduction

of its binding to both actin and SVs, thus inhibiting the formation of an actin-synapsin-

SV ternary complex (Bahler et al., 1990; Bahler and Greengard, 1987; Benfenati et al.,

1989a; Ceccaldi et al., 1995; Chi et al., 2003; Petrucci and Morrow, 1987; Valtorta et

al., 1992). Hence, the Ser-566 and Ser-603 phosphorylation of Syn la recruits SVs to

active zones, i.e., readily releasable pool (RRP), thus modulating the mobilization of

SVs.

Four phosphorylation sites (Ser-62, Ser-67, Ser-549, and Ser-551) are activated by

MAPK and two phosphorylation sites (Ser-549 and Ser-551) are activated by Cdk 1/5.

In a previous study, dephosphorylation of Ser-62, Ser-67 and Ser-549 allows Syn la to

recruit recently recycled SVs back to the clusters, i.e., reserve pool (RP), by increasing

their actin-binding affinity, but has no effects on SV binding (Jovanovic et al., 1996).

In addition, the phosphorylation of MAPK sites facilitates the SV trafficking in

response to high-frequency stimulation (Cesca et al., 2010; Chi et al., 2003). However,

the phosphorylation of Syn la by Cdk 5 has no effects on the actin binding (Matsubara

etal., 1996). The Tyr-301 phosphorylate site, phosphorylated by Src, mediates opposite

effects to serine phosphorylation, which increases Syn la association to actin and SVs

13
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(Messa et al., 2010; Onofri et al., 2007). Only when the Ser-628 site is phosphorylated

by ATMK, the interaction between ATMK and Syn | can be detected (Li et al., 2009).

Taken together, these findings show that Syn la can diversely regulate the dynamics of

SV release via phosphorylation on multiple sites.

Syn la plays an important role in maintaining the activity of the neuronal network.

The impaired Syn la function can result in pathological conditions of the relevant

neurological diseases. In addition, Syn influences the behavior and learning ability in

files. The Syn-null files showed the increased wing beat frequency, elevated walking

activity, faster olfactory jump response, enhanced ethanol tolerance, and significant

defects in learning and memory (Godenschwege et al., 2004; Michels et al., 2005).

Particularly, the Syn-null files reached only a half of the score of wild-type files in

olfactory associative learning experiments (Michels et al., 2005). In the Syn I-knockout

mice, the fine balance of neuronal activity moves towards excitability, leading to severe

epilepsy in an age-dependent manner (Cambiaghi et al., 2013; Etholm et al., 2011;

Ketzef etal., 2011; Li et al., 1995; Rosahl et al., 1995). Moreover, Syn I-knockout mice

displayed abnormalities in short-lived plasticity (SLP), which is responsible for

temporary memory storage. However, Syn I-knockout mice apparently displayed

normal long-term potentiation (LTP), which is important for learning and memory
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(Silva et al., 1996). In fact, genetic analysis in human identified that a mutation of Syn

| is associated with the cause of epilepsy, learning difficulties, and aggressive behavior

(Garcia et al., 2004). Previous studies reported that the expression level of Syn | is

significantly reduced in the patient brains of schizophrenia (Browning et al., 1993) and

bipolar disorder (Vawter et al., 2002). An area-specific reduction in chromogranin B is

paralleled with a decrease in Syn | from the hippocampus of schizophrenia patients

(Nowakowski et al., 2002), thus providing additional support to the association of Syn

I with schizophrenia. Similar to schizophrenia, the relatively low Syn I levels are also

found in Alzheimer’s disease patients (Ho et al., 2001; Perdahl et al., 1984; Qin et al.,

2004). Furthermore, abnormal phosphorylation of Syn I is identified in the striatum and

cerebral cortex of Huntington’s disease mice (Lievens et al., 2002). Taken together,

Syn la plays a vital role in regulating the dynamics of SVs and the activity of the

neuronal network, thus maintaining normal function of the nervous system. However,

whether Syn la may regulate the DCV exocytosis remains elusive.

Taken together, Syn la play a vital role in regulating the dynamics of SVs and

the activity of the neuronal network.

1.6 The vesicle protein present in both DCVs and SVs

15
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Syp, an integral membrane protein, is present in both two types of vesicles, i.e.,

DCVs and SVs, with four transmembrane domains (Berwin et al., 1998; Jahn et al.,

1985; Saegusa et al., 2002; Wheeler et al., 2002; Winkler, 1997). Due to the

abundantly presynaptic expression, Syp has thus been implicated in regulation of

neurotransmitter release. Recent studies reported that the expression level of Syp is

significantly decreased in Alzheimer’s disease patients (Hansen et al., 1998).

Furthermore, the increased expression of Syp correlates with LTP, suggesting that

Syp may contribute to learning and memory (Arthur and Stowell, 2007; Lynch et al.,

1994; Mullany and Lynch, 1997). Conversely, the mice lacking Syp exhibited

behavioral alterations and learning deficits (Schmitt et al., 2009). Despite of these, the

function and molecular mechanism underlying Syp’s regulation of neurotransmitter

release remains elusive.

1.7 Objectives of the study

Our previous results showed that Syn la is abundantly concentrated on the axon

terminals of the hypothalamic-neurohypophysial system (HNS), where the

neuropeptides, oxytocin (OT) and vasopressin (VP) are released from DCVs to regulate

social behavior of adult male rats. Surprisingly, the previous results showed that Syn la
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upregulates the release of OT and VP in the HNS by phosphorylation of Syn la,

suggesting that Syn la is not only essential for SV exocytosis, but also plays a role in

regulating DCV exocytosis. However, it remains completely unknown how this SV-

specific phosphoprotein Syn la may affect the DCV release. Therefore, it is important

to unveil the detailed mechanisms underlying Syn Ia’s regulation of DCV release. To

determine the Syn Ia’s regulation of DCV exocytosis at the single-vesicle level, we

directly measured NE release from DCVs by performing single-vesicle amperometry

in transfected PC12 cells following molecular perturbation. PC12 cells, derived from

adrenal chromaffin cells, have been used extensively to study the process of regulated

exocytosis. The dynamics of individual releasing events from DCVs can be resolved

by virtue of the slow secretion rate in PC12 cells and high temporal-resolutioned

amperometric recordings. To further determine how Syn la regulates the dynamics of

DCV exocytosis via phosphorylation, the Syn la phosphodeficient mutant at the Ser62

site for MAPK (the plasmid pIRES2EGFP-Synapsin la-S62A abbreviated as Syn la-

S62A), used in the previous experiments of adult male rats, will be verified in this study.

Besides, the new Syn la phosphodeficient mutant at the triple sites (Ser9, Ser566, and

Ser603) for CaMK (the plasmid pIRES2EGFP-Synapsin la-S9,566,603A; abbreviated

as Syn 1a-S9,566,603A) was created by site-directed mutagenesis in this study.

17
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Here, by using PC12 cells as model, we combined molecular perturbation, single-

vesicle amperometry, bioinformatics, and biochemical techniques to unveil the

molecular mechanism underlying the Syn Ia’s regulation of DCV exocytosis. The

specific aims to elucidate in this study were shown as follow (Fig. 3A):

I. Determine how Syn la regulates the dynamics of DCV exocytosis via

phosphorylation at single-vesicle levels.

A. Determine the effects of Syn la and its phosphodeficient mutants on the

secretion rate of DCVs

B. Determine the effects of Syn la and its phosphodeficient mutants on the

occurrences of two distinct fusion events.

C. Determine the effects of Syn la and its phosphodeficient mutants on the

stabilization of open DCV fusion pores.

D. Investigate if Syn la and its phosphodeficient mutants regulate fusion pore

kinetics of DCV exocytosis.

Il. Determine the mechanism underlying the Syn Ia’s regulation of DCV exocytosis.

A. Determine the subcellular localization of Syn I in transfected cells.

B. Explore the candidate Syn la-interacting proteins by bioinformatics

approaches.
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C. Determine the in vivo interaction of the candidate proteins with Syn I ina Syn

la phosphorylation-dependent manner.

The results from this study would advance our understanding for cellular and

molecular basis underlying Syn Ia’s regulation of DCV exocytosis.
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Chapter 11

Materials and Methods

2.1 DNA plasmids

The cDNA encoding the gene of interest, wild-type Syn la [from Dr. Paul
Greengard’s lab (Rockefeller University, USA)] was subcloned into a control vector
pCMV-IRES2-EGFP [termed Ctrl (Clontech #6029-1, CA, USA)] by restriction sites,
Bol Il (Takara #1021A, Shinga, Japan) and Sac | (Takara #1080A, Shinga, Japan).
The resultant DNA plasmid was pCMV-Syn la-IRES2-EGFP (termed Syn la). Two
phosphodeficient mutants of Syn la, including the phosphodeficiency at Ser62 (S62A)
or at Ser9, 566, 603 (59,566,603A), were used in this study. pPCMV-Syn la-S62A-
IRES2-EGFP (termed Syn 1a-S62A), was kindly provided by Dr. Meyer B Jackson’s
lab (University of Wisconsin-Madison, USA). The other Syn la phosphodeficient
mutant, pPCMV-Syn la-59,566,603A-IRES2-EGFP (termed Syn la-S9,566,603A), was
acquired by using the QuikChange MultiSite-Directed Mutagenesis Kit (Agilent
Technologies # 200514, CA, USA) with designed primers (Forward primer: 5'-
CCgCCTggCggACAGCAACTACATgYCCAATC-3' and 5™
ATTCgTCAggCCggCCAggCAQQgT-3'; Reverse primers: 5'-

CTggACCAgAgATAQCTgCCTgACgggTAgC-3'). All of the cDNAs in this study
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contained a cytomegalovirus (CMV) promoter for expressing the genes of interest

(i.e., Syn la, Syn la-62A, or Syn 1a-S9,566,603A) and the internal ribosome entry site

(IRES) for enhanced green fluorescent protein (EGFP). These cDNAs were confirmed

by automated sequencing (Genomics, Taiwan) and then amplified by transformation.

To amplify the DNA plasmids, 1 uL. DNA was added into the 50 pL solution

containing competent cells, DH-5a, followed by incubation on ice for 30 min. The

heat shock procedure at 42°C for 90 sec was applied, and then 450 uL Luria broth

(LB) was added into the competent cells, followed by incubation at 37°C with 1-hr

shaking for recovery. Subsequently, the mixture of DNA and competent cells was

spread on LB agar plates with Kanamycin (50 ug/uL from the 1000x stock in ddH20;

Sigma, Cat. #K4000, St. Louis, MO, USA), followed by incubation at 37°C

overnight. The bacterial colonies were further isolated. Finally, all the DNA plasmids

were amplified, purified by the MegaPrep kits (Qiagen GmbH #12183, Hilden,

Germany), and dissolved in Tris buffer (10 mM, pH 7.6; Sigma #T6966, MO, USA).

2.2 Cell culture

PC 12 cells (Hay and Martin, 1992) were cultured in 100-mm dish (Corning®

#430167, NY, USA) containing PC12 culture medium [Dulbecco’s modified Eagle’s
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medium (DMEM, Sigma, #D5648, MO, USA), 3.7 g/L NaHCO3 (Sigma #56297,

MO, USA), 5% equine serum (HyClone#0805-SH30074.03, Utah, USA), and 5%

bovine calf serum (HyClone#0805-SH30072.03, Utah, USA), pH 7.4]. The cells were

maintained in 10% CO: at 37°C and the medium was renewed every two days. When

the cells grew full of the dish, the cells were passed into the new dishes. The original

medium was discarded and the cells were rinsed and harvested by 1 mL of Hank’s

solution [Hank’s balanced salts modified (Sigma #H4891, MO, USA), 0.35 g/L

NaHCOs, and 1 mM Ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA,

Sigma #E5134, MO, USA, pH 7.2] using a 22-gauge needle (Terumo #SS-10L2238,

Philippines) connected with a syringe. After adding 3 mL new medium, the cell

suspension was divided into three new dishes, with each containing 9 mL new fresh

PC12 medium.

2.3 Transfection

Cells were rinsed and harvested with Hank’s solution. Subsequently, cells were

centrifuged at 1,000 g, room temperature, for 3 min. After discarding supernatants,

the cell pellets were resuspended with 500 uL cytomix solution [120 mM KCI (Sigma

#P9333, MO, USA), 0.15 mM CaCl. (Fluka #21108, MO, USA), 10 mM KH2PO4
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(Sigma #P5655, MO, USA). 2.5 mM HEPES (Sigma #H7523, MO, USA), 2 mM

EGTA and 5 mM MgCl2 (Sigma #M1028, MO, USA), pH 7.6]. DNA (50 ug) was

mixed with cell solution, and then the mixture was transferred into a 4-mm cuvette

(BTX ECM830, Harvard Apparatus #45-0052, MA, USA) for electroporation by

using a 230 V-square pulse for 5 ms (BTX ECM830, square-pulse electroporator,

Harvard Apparatus #45-0052, MA, USA). After electroporation, the cells were

immediately transferred into recovery medium [PC12 culture medium containing 10%

fetal bovine serum (Biological Industries Ltd. #04-004-1A, Beit-Haemek, Israel)].

Recovery medium was replaced with new fresh PC12 medium on the following day.

2.4 Reverse-transcriptase quantitative polymerase chain reaction (RT-gPCR)

After 72 hr post transfection, the RNA samples from transfected cells were

homogenized and extracted by TRIzol reagent (Invitrogen #15596-018, CA, USA),

with phase-separation by chloroform (Sigma #C2432-500mL, MO, USA). Followed

by centrifugation at 12,000 g, 4°C for 15 min, about 0.6 mL of the RNA in the upper

aqueous phase was collected and further precipitated by mixing with 500 pL

isopropanol (Sigma #19516-500 mL, MO, USA). After centrifuging at 12,000 g, 4°C

for 10 min, the supernatant was discarded. The RNA pellets were washed once with
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75% ethanol, followed by centrifugation at 12,000 g, 4°C for 10 min. The supernatant

was then discarded completely. The RNA pellets were air-dried at room temperature

for 20 min, dissolved in 20 uL of diethyl pyrocarbonate (DEPC)-treated water and

incubated at 60°C for 15 min. The RNA samples were stored at -80°C for further

experiments.

The cDNAs were synthesized from RNA samples by using the ProtoScript Il First

Strand cDNA Synthesis Kit (New England BioLabs, MA, USA). RT-gPCR was

performed on the cDNA samples by LabStar SYBR gPCR Kit (TAIGEN Bioscience

Corporation, Taiwan) with specific primer sequences to recognize the target gene,

Syn la (Forward primer: 5-AgCTCAACAAATCCCAQTCTCT-3' and Reverse

primers: 5-CggATggTCTCAgCTTTCAC-3"), or the reference gene, B-actin (Forward

primer: 5-TgCTCTggCTCCTAgCACCATgAAgATCAA-3' and Reverse primers: 5'-

AAACQC AgCTCAQTAACAQTCCgCCTAgAA-3'). The RT-gPCR was performed

by the following condition (denaturation at 94°C for 15 s; annealing at 60°C for 30 s;

extension at 72°C for 30 s) for 40 cycles.

The cycle threshold (Ct) values were evaluated from the SYBR fluorescence data

by using the gPCR machine (Qiagen Rotor-Gene Q, Hilden, Germany) and the

supplemental software (Qiagen Rotor-Gene Series Software 1.7, Hilden, Germany).

24

doi:10.6342/NTU201901181



The mRNA level (ACt) was acquired by subtracting the Ct of the reference gene (-
actin) from the Ct of the target gene (Syn Ia). The AACt was obtained by subtracting
the median of the ACt of the control group from the ACt of the transfection group.

The relative mMRNA expression levels of Syn la were calculated as 2042,

2.5 Single-vesicle amperometry

To pre-coat the coverslips in the 35-mm dishes (Corning® #430165, NY, USA)
for attaching cells, 1 mL poly-d-lysine (50 ug/mL; BD Biosciences #354210,
Bedford, MA, USA) and collagen | (50 ug/mL; BD Biosciences #354246, Bedford,
MA, USA) were added into each dish with the coverslips, followed by incubation for
1 hr. After discarding the poly-d-lysine and collagen I, the dishes were rinsed by the
fresh serum-free PC12 culture medium. After 60-96 hr post transfection, the
transfected cells were seeded at the density of 2 x 10° per pre-coated dish. The cells
on the coverslips were incubated with PC12 culture medium containing 1.5 mM
norepinephrine (NE; Sigma #A5785, MO, USA) and 0.5 mM ascorbate (Sigma
#A5960, MO, USA) for 16 hr [NE was previously prepared in 20 mM HEPES (Sigma

#H7523, MO, USA) as 1,000x stocks and ascorbate (Sigma #A5960, MO, USA) was
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previously dissolved in ddH20 as 1,000x stocks]. The culture medium was replaced

by the fresh PC12 culture medium at least 1 hr before amperometric recordings.

The bathing solution [(in mM) 150 NaCl (Sigma #S5011, MO, USA), 4.2 KCI

(Sigma #P9333, MO, USA), 1 NaH2PO4 (Sigma #A5785, MO, USA), 0.7 MgCl2

(Sigma #M1028, MO, USA), 2 CaCl, (Fluka #21108, MO, USA), and 10 HEPES

(Sigma #H7523, MO, USA), pH 7.4] and high KCI solution (140 mM KClI to replace

NaCl in the bathing solution) were prepared for amperometric recordings. During

recordings, the cells were bathed in the bathing solution. A 5-um carbon fiber

electrode (CFE-1 or CFE-2, ALA Scientific Instruments, NY, USA) was attached

onto the cell. Secretion from cells was induced by the pressure ejection of the high

KCI solution from a 2-um micropipette. A carbon fiber electrode connected with a

VA-10X amplifier (ALA Scientific Instruments, NY, USA) at a polarization of 650

mV can record the NE-oxidized current upon the DCV release. The signals were

amplified by the VA-10X amplifier (ALA Scientific Instruments, NY, USA), sent to

the interface Digidatal440A (MDS Analytical Technologies, CA, USA), and

processed by software pClamp10 (Axon Instruments, Molecular Devices Corp., CA,

USA).
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Amperometry data were analyzed as previously described using a written

computer program (Chiang et al., 2014; Wang et al., 2006; Wang et al., 2001; Wang

et al., 2003). The amperometric events with peak amplitude > 2 pA (~7xRMS noise)

were collected for the calculation of all secretion events. Notably, the same dataset

(Fig. 4 and Fig. 6-10) was used for this study. Two specific temporal parameters, t1

and t2, were defined as previously reported (Chiang et al., 2014) and used to separate

the KR and FF events. The t1 was the duration from onset to the signal falling back to

the average value of 50-100% peak amplitude of events [mean value (50-100%)]. The

t2 was the duration from onset to the signal falling back to the baseline. The ti/ t2 ratio

at 3.5 pA was very sensitive to the event shape of two types of fusion events, full

fusion (FF) and kiss and run (KR). The amperometric recordings of FF shaped like a

spike. On the other hand, KR was square or rectangular-like shape. Therefore, the cut-

off peak amplitude of 3.5 pA was used to divide FF events from KR events (Fig. 6-7

and Fig. 9). As the results, the events with peak amplitude > 3.5 pA were FF events,

and those with peak amplitude with 2-3.5 pA were KR events. The spike

characteristics, i.e., peak amplitude, whole area, half width, 35-90% rise time, and

decay time, were analyzed by the written computer program according to the criterion

illustrated in Fig. 7 and calculated by the cellular mean method (Chiang et al., 2014;
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Wang et al., 2006). The events with peak amplitude > 13 pA were be collected as PSF
events, because the events with large peak amplitude normally displayed the obvious
characteristics of PSF. The duration from onset to the end point, which was set at the
intersection between the baseline and the line going through the 35-60% peak
amplitude (Fig. 8), was measured as PSF duration. To further evaluate mean PSF
duration (1), the histograms of PSF duration were constructed in the semi-log plots
and fitted by a single-exponential decay function [N(t) = N(0) x exp (-t/t)] to yield the
1(Origing, OriginLab Crop, MA, USA). PSF mean amplitude and area were
calculated by taking the cellular means. Subsequently, we resolved the rate constants
of fusion pore closure (kc) and dilation (kq) to perform kinetic analysis. The rate
constant ke and kg in the kinetic model were resolved from the mean PSF duration [t =
1/( ket ka)] and the KR fraction (Xkr) [Xkr = Ke/ ( Ke+ kd)] as previously reported

(Chiang et al., 2014; Wang et al., 2006; Wang et al., 2001).

2.6 Immunofluorescence staining
After 48 hr post transfection, the transfected cells were seeded at the density of 2
x 10° per pre-coated dish with the coverslips. The original medium was discarded

from the dishes on the following day. For dopamine staining, the PC12 culture
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medium of dishes were replaced by the medium containing 0.7 mM dopamine (Sigma

#HB8502, MO, USA) for 1 hr-incubation. Subsequently, the medium containing

dopamine was discarded and the new fresh PC12 culture medium was added into

dishes. After incubating 1 hr, the following procedure was performed. For ChB/Syp

staining, the cells on the coverslips were incubated with the high KCI solution for 5

min. Cells (for dopamine or ChB/Syp staining) were washed with phosphate buffered

saline (1xPBS: 137mM NaCl, 2.7 mM KCI, 4.3mM Na:HPO4-2H20, and 1.47 mM

KH2POys; pH 7.4 by NaOH for 1L) and then fixed by paraformaldehyde (Alfa Aesar

#A11313, Great Britain) in 1xPBS at room temperature for 10 min, followed by

washout with 1xPBS for 10 min twice. The cells were permeabilized by 0.1% Triton

X-100 (Sigma #TB532, MO. U.S.A) in 1xPBS for 10 min, followed by washout with

1xPBS three times. The cell-containing coverslips were transferred onto a parafilm

sheet. Cells were incubated in the blocking buffer [3% normal donkey serum (Jackson

Lab #017000121, ME, USA) and 0.1% Triton X-100 (Sigma #T8532, MO. U.S.A) in

1xPBS] at room temperature for 1 hr. After blocking, cells were incubated with

primary antibodies [rabbit anti-Syn I (Cell Signaling Technology, MA, USA); mouse

anti-Chromogranin B (BD Biosciences, NJ, USA); mouse anti-Synaptophysin (Merck

Millipore, Darmstadt, Germany)] in the blocking buffer at 4°C overnight, followed by
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washout with 1xPBS six times (5, 5, 10, 10, 15, and 15 min). Subsequently, cells were

incubated with secondary antibodies in the blocking buffer at room temperature in

dark for 1 hr, followed by washout with 1xPBS six times (5, 5, 10, 10, 15, and 15

min). The 4’,6-diamidino-2-phenylindole (DAPI; Sigma #D9542, MO, U.S.A) was

then added to stain the nuclei at room temperature in dark for 10 min. Finally, the

coverslips were mounted onto the glass slides with Fluoromount G (Electron

Microscopy Sciences #17984-25, PA, USA).

Images were acquired by the Leica TCS SP5 or SP8 Confocal Spectral

Microscope Imaging System (Leica, Germany). Quantification of colocalization was

determined with the MetaMorph software (Molecular Devices).

2.7 Prediction for protein-protein interaction

The possibility of interactions for protein pairs of interest were predicted by the

MirrorTree sever [http://csbg.cnb.csic.es/mtserver/, Computational Systems Biology

Group (CNB-CSIC, Madrid, Spain)] (Ochoa and Pazos, 2010). MirrorTree, a

computational technique, was developed to predict protein interactions through the

characteristics of co-evolution between two protein families of around 800 residues

long from 120 species. Individual pairs (Syn la and putative-interacting proteins; n =
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66) of query protein sequences were first imported into the MirrorTree sever. All of

the parameters were remained as the original setting, except for the “Coverage”

[Homologs selection: % identity (> 30%), e-value (< 1e-5), and % Coverage (> 50%);

Orthologs selection: % identity (> 30%), and % Gap (< 90%)]. The highest identity

sequence comparing to the query sequence was selected from the Multiple Sequence

Alignment (MSA). Only the protein sequences of the organisms present in both trees

are used to calculate the similarities. Correlation coefficients [from scoring from 1

(yellow) to O (dark blue)], reflecting the possibility of interaction for every pairs of

proteins, were acquired from the tree similarity between the two families, according to

the standard equation from the PPI prediction of MirrorTree.

2.8 Co-immunoprecipitation

After 72 hr post transfection, transfected cells were incubated with the high KCI

solution for 1 min. The cells were further lysed in the ice-cold RIPA lysis buffer [1%

NP-40, 150 NaCl (Sigma #5011, MO, USA), 1 EDTA (Sigma #E5134, MO, USA),

1 phenylmethylsulfonyl fluoride (Sigma #P7626, MO, U.S.A), 1 sodium

orthovanadate (Sigma #S6508, MO, U.S.A), 10 sodium fluoride (Sigma #S57920, MO,

U.S.A), and 50 HEPES (Sigma #H7523, MO, USA) (in mM), pH 7.4, supplemented
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with protease inhibitor cocktail (Sigma #P2714, MO, USA)]. After 2 hr lysis of cells,

the proteins from cell lysates were isolated by centrifugation at 12,000 g, 4°C for 15

min. After that, the soluble fraction was acquired. The soluble fraction (500 ug/0.5 L

each tube) was preincubated with the antibody [1 ug, rabbit anti-Syn | (Cell Signaling

Technology, MA, USA)] to immunoprecipitate Syn | at 4°C overnight. The complex

was then incubated with protein G sepharose beads (GE Healthcare Life Science #71-

7083-00, MA, USA) for 2 hr. After washed with ice-cold 1xPBS (137 mM NaCl, 2.7

mM KCI, 4.3 mM NazHPO4-2H20, and 1.47 mM KH2POg; pH 7.4 by NaOH for 1L)

for 10 min by 3 times, the immunoprecipitates were mixed with 4x sample buffer

[250 mM Tris-HCI (Bioshop #TRS001, Ontario, Canada), 8% SDS (Bioshop

#SDS001, Ontario, Canada), 40% Glycerol (J. T. Baker #2136-01, PA, USA), 10% B-

mercaptoethanol (Sigma #3148, MO, USA), 0.008% bromophenol blue (Sigma

#B0126, MO, USA), and 400 mM DTT (Sigma #D0632, MO, USA), pH 6.8], boiled

for 5 min, and electrophoresed via SDS polyacrylamide gels. After transferring to

polyvinylidene fluoride membranes (PVDF membranes; Immobilon-P, Merck

Millpore, Darmstadt, Germany), membranes were blocked in 3% non-fat milk in

TBST [100 mM Tris-HCI (Bioshop #TRS001, Ontario, Canada), 150 mM NacCl

(Sigma #S5011, MO, USA), and 0.1% Tween-20 (Merck #8.22184, Darmstadt,
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Germany), pH 7.4] for 1 hr, and then incubated with chosen primary antibodies

[mouse anti-Syn I (Synaptic Systems, Goettingen, Germany); mouse anti-SNAP-25

(Synaptic Systems, Goettingen, Germany); mouse anti-Stx | (Stanta cruz

Biotechnology, TX, USA); mouse anti-Synaptophysin (Synaptic Systems, Goettingen,

Germany); mouse anti-Synaptobrevin (Synaptic Systems, Goettingen, Germany)] at

4°C overnight. Membranes were washed with TBST for 10 min three times and then

incubated with chosen secondary antibodies in 3% milk in TBST at room temperature

for 1 hr. Finally, membranes were washed with TBST for 10 min three times, and

signals were visualized and photographed by using enhanced chemiluminescence

(ECL; Merck Millipore #WBKLS0500, Darmstadt, Germany) and the FluorChem M

Chemiluminescent Western Imaging System (ProteinSimple, CA, USA). Image J

(NIH, MD, USA) was used for quantification of protein levels.

2.9 Western blotting

After 72 hr post transfection, transfected cells were incubated with the high KCI

solution for 1 min. The cells were further lysed in the ice-cold RIPA lysis buffer [1%

NP-40, 150 NaCl (Sigma #S5011, MO, USA), 1 EDTA (Sigma #E5134, MO, USA),

1 phenylmethylsulfonyl fluoride (Sigma #P7626, MO, U.S.A), 1 sodium
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orthovanadate (Sigma #56508, MO, U.S.A), 10 sodium fluoride (Sigma #57920, MO,

U.S.A), and 50 HEPES (Sigma #H7523, MO, USA) (in mM), pH 7.4, supplemented

with protease inhibitor cocktail (Sigma #P2714, MO, USA)]. After 2 hr lysis of cells,

the proteins were isolated by centrifugation at 12,000 g, 4°C for 15 min, and the

soluble fraction was acquired. The soluble fraction (30 ug) was mixed with 4x sample

buffer [250 mM Tris-HCI (Bioshop #TRS001, Ontario, Canada), 8% SDS (Bioshop

#SDS001, Ontario, Canada), 40% Glycerol (J. T. Baker #2136-01, PA, USA), 10% f3-

mercaptoethanol (Sigma #3148, MO, USA), 0.008% bromophenol blue (Sigma

#B0126, MO, USA), and 400 mM DTT (Sigma #D0632, MO, USA), pH 6.8], boiled

for 5 min, and electrophoresed via SDS polyacrylamide gels. After transferring to

polyvinylidene fluoride membranes (PVDF membranes; Immobilon-P, Merck

Millpore, Darmstadt, Germany), membranes were blocked in 3% non-fat milk in

TBST [100 mM Tris-HCI (Bioshop #TRS001, Ontario, Canada), 150 mM NacCl

(Sigma #S5011, MO, USA), and 0.1% Tween-20 (Merck #8.22184, Darmstadt,

Germany), pH 7.4] for 1 hr, and then incubated with chosen primary antibodies

[mouse anti-Syn | (Synaptic Systems, Goettingen, Germany); mouse anti-SNAP-25

(Synaptic Systems, Goettingen, Germany); mouse anti-Stx | (Stanta cruz

Biotechnology, TX, USA); mouse anti-Synaptophysin (Synaptic Systems, Goettingen,
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Germany); mouse anti-Synaptobrevin (Synaptic Systems, Goettingen, Germany)] at

4°C overnight. Membranes were then washed with TBST for 10 min three times and

then incubated with chosen secondary antibodies in 3% milk in TBST at room

temperature for 1 hr. Finally, membranes were washed with TBST for 10 min three

times, and signals were visualized and photographed by using enhanced

chemiluminescence (ECL; Merck Millipore #WBKLS0500, Darmstadt, Germany)

and the FluorChem M Chemiluminescent Western Imaging System (ProteinSimple,

CA, USA). Image J (NIH, MD, USA) was used for quantification of protein levels.

2.10 Proximity ligation assay

Intact or transfected cells on the coated-coverslips were washed with ice-cold

1xPBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM NazHPO4-2H20, and 1.47 mM

KH2POs4; pH 7.4 by NaOH for 1 L) and further fixed by 4% paraformaldehyde (Alfa

Aesar #A11313, Great Britain). After washed with ice-cold 1xPBS for 10 min twice,

cells were quickly washed with ddH20 to remove salts, followed by permeabilization

by 0.1% Triton X-100. Subsequently, the cells were washed with ice-cold 1xPBS for

10 min twice, and then the cell-containing coverslips were transferred onto a parafilm

sheet. Cells were stained according to the protocol of the Duolink® proximity ligation
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assay (PLA) kit (Sigma, MO, U.S.A). After blocking [1x blocking solution

(Duolink® in situ PLA® probe, Sigma, MO, U.S.A)] at 37°C for 30 min, cells were

incubated with two chosen primary antibodies [mouse anti-Syn | (Syptic Systems,

Goettingen, Germany); mouse anti-Stx | (Santa cruz Biotechnology, TX, USA); rabbit

anti-SNAP-25 (Synaptic Systems, Goettingen, Germany); mouse anti-Synaptophysin

(Synaptic Systems, Goettingen, Germany)] in the antibody diluent (PLA kit, Sigma,

MO, U.S.A) at 4°C overnight, followed by washout with 1x wash buffer A [0.01 M

Tris-HCI (Bioshop #TRS001, Ontario, Canada), 0.15 M NaCl (Sigma #S5011, MO,

USA), and 0.05% Tween 20 (Merck #8.22184, Darmstadt, Germany), pH 7.4] for 5

min twice. Subsequently, cells were incubated with PLA probes (Sigma #DU092002

and #DUQ092004, MO, U.S.A)) in the PLA probe solution (PLA kit, Sigma, MO,

U.S.A) at 37°C in dark for 1 hr, followed by washout with 1x wash buffer A for 5 min

twice. The ligation-ligase solution (Sigma # DUO92008, MO, U.S.A)) was added to

samples at 37°C in dark for 30 min. Subsequently, cells were incubated with the

amplification-polymerase solution (Sigma # DU0O92008, MO, U.S.A)) at 37°C in

dark for 100 min, followed by washout with 1x wash buffer B (0.2 M Tris-HCI

(Bioshop #TRS001, Ontario, Canada) and 0.11 M NaCl (Sigma #S5011, MO, USA),

pH 7.5) for 10 min twice. DAPI (Sigma #D9542, MO, U.S.A) was subsequently
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added to stain the nuclei at room temperature in dark for 10 min, followed by washout
with 0.01x wash buffer B in dark for 1 min. Finally, the coverslips were mounted onto
the glass slides with Fluoromount G (Electron Microscopy Sciences #17984-25, PA,
USA).

Images were acquired by the Leica TCS SP5 or SP8 Confocal Spectral

Microscope Imaging System (Leica, Germany).

2.11 Statistics

The data are displayed as means or as medians (the results of mMRNA levels) with
standard errors (SEM). To further evaluating the statistical significance between two
different transfected groups, we used the two-tailed Student’s unpaired t-test for the
parametric method and the Mann-Whitney method for the nonparametric method
(InStat 3, GraphPad, CA, USA). The significance is represented with asterisks with
the following notation: *p < 0.05; **p < 0.01; ***p < 0.001 compared to Syn la. #p <

0.05; #p < 0.01; #*p < 0.001 compared to Ctrl. n.s., not significant.

37

doi:10.6342/NTU201901181



Chapter 111

Results

3.1 Secretion from DCVs was regulated by Syn la or its phosphodeficient
mutants

To determine how Syn la regulates the dynamic of DCV exocytosis via
phosphorylation at single-vesicle levels, the effects of Syn la on DCV secretion were
examined first. NE release from individual DCVs are triggered by KCI depolarization,
and oxidized through high voltage delivered by potentiated carbon fiber electrode
(CFE) (Fig. 3A). Individual DCV release revealed as single peak in amperomertric
recordings. Representative amperomertric trances (Fig. 4A) in cells overexpressing
Ctrl, Syn la, Syn la-S62A or Syn la-S9,566,603A exhibited diverse secretion rates
triggered by KCI depolarization (Fig. 4A; black bottom line) during the recording
time. To further quantify the secretion rate, the plots of cumulative events across the
recording time from all cells recorded in various transfected groups (Fig. 4B) were
constructed and subsequently applied linear fittings from 0 to 10 sec or from 10 to 20
sec (Fig. 4C). Based on the results, overexpressing Syn la in PC12 cells increased the
fitted secretion rate in both early and late stages compared to Ctrl (p < 0.001). By

contrast, the level of fitted secretion rate in cells overexpressing Syn la-S62A was
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decreased in both early and late stages compared to Syn la (p < 0.01), but without

reaching significant differences of level compared to Ctrl. Moreover, the dramatic

reduction of fitted secretion rate in both stages was showed in cells overexpressing

Syn 1a-S9,566,603A by two-fold compared to Syn la or Ctrl (p <0.001).

Additionally, another method, the cellular mean method, was exerted to calculate the

bulk secretion rate in this study (Fig. 4D). Overexpressing Syn la-S9,566,603A

significantly decreased the bulk secretion rate compared to Syn la, suggesting the

phosphodeficiency at these sites may decrease the secretion rate of DCVs (p < 0.01).

Thus, these findings suggest that secretion from DCVs is regulated by Syn la or its

phosphodeficient mutants.

To confirm the effectiveness of overexpression, the Syn la mRNA levels were

examined at 72 hr post transfection by RT-gPCR combining with specific primer

targeting to Syn la (Fig. 5A and Methods). From the results (Fig. 5B), the mRNA

levels of Syn la were significantly increased in cells transfecting with Syn la or its

phosphodeficient mutants compared to Ctrl (p < 0.05), suggesting the well efficiency

of overexpression.

To confirm NE is packed into DCVs in PC12 cells, the cells overexpressing Syn

la were co-stained with the DCV marker, ChB and dopamine after 1-hr incubation of
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dopamine (Fig. 5C). In the fluorescence images, a significant degree of colocalization

of dopamine and ChB (about 80%) was shown, suggesting dopamine is highly

concentrated on DCVs. Dopamine-B-hydroxylase, the enzyme only present in DCVs,

is responsible for converting dopamine into NE (Cooper et al., 2003). As a result,

these findings suggest that NE is mainly packed into DCVs.

3.2 FF frequency of DCVs was regulated by Syn la in a phosphorylation-

dependent manner

To determine the effects of Syn la and its phosphodeficient mutants on the

occurrences of two distinct fusion events, the whole population of events were

divided into two types of fusion events, i.e., FF and KR. From the amperometric

recordings, the shapes of FF (spike-like) are different from KR (square-like). The ti/ t2

ratio at 3.5 pA was very sensitive to the event shape of two types of fusion events,

thus set as cut-off for separation of two events (Fig. 6A and Methods).

Overexpressing Syn la in PC12 cells slightly increased the FF frequency without

achieving statistical significances compared to Ctrl (Fig. 6B). In addition, the FF

frequency in cells overexpressing Syn la-S62A showed the similar levels of Syn Ia.

Of note, overexpressing Syn la-S9,566,603A significantly decreased the FF frequency
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(p < 0.05) compared to Syn la or Syn la-S62A, suggesting that the FF frequency can

be regulated by phosphorylation at these sites of Syn la. Next, we further examined

the effects of Syn la and its phosphodeficient mutants on the occurrence of KR by

analyzing the fraction of KR (Xkr) (Fig. 6C). Based on the results, only

overexpressing Syn la-S62A reached the significant differences for the levels of Xxr

compared to Ctrl (p < 0.05). Instead, the Xkr for Syn la-62A or Syn 1a-S9,566,603A

was similar to Syn la, suggesting phosphorylation of Syn la may have a minor effect

on the occurrence of KR.

Since the secretion rate and FF frequency were regulated by phosphorylation of

Syn la, we afterward determined whether Syn la and its phosphodeficient mutants

affect the post-dilation process of DCVs (Fig. 7). Spikes characteristics (Fig. 7A and

Methods), representing the process of post-dilation of DCVs, was measured from FF

events by the cellular mean method. Based on the analysis of spikes characteristics,

overexpressing Syn la-S62A increased the half width (Fig. 7D) compared to Ctrl.

However, other spikes characteristics (Fig. 7B-F), including peak amplitude, whole

area, 35%-90% rise time, and decay time, exhibited little differences among all

groups, suggesting that Syn la and its phosphodeficient mutants may play a minor role

in the post-dilation process of DCV exocytosis.
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3.3 The stabilization of open DCV fusion pores was regulated by Syn la or its
phosphodeficient mutants

By zooming in the scale for one amperometric spike (Fig. 8A and Methods),
there is a foot preceding the spike termed prespike foot (PSF). PSF represents the
transient opening of the initial fusion pore prior to dilation. To determine the effects
of Syn la and its phosphodeficient mutants on the opening of initial fusion pores, the
PSF characteristics were analyzed. First of all, PSF open time distributions in various
transfected groups were constructed (Fig. 8B) and then fitted by single-exponential
decay function (R? ranging from 0.74 to 0.94) to acquire the PSF mean duration, t
(Fig. 8C). We found that overexpressing Syn la prolonged the PSF mean duration
compared to Ctrl (p < 0.01), suggesting the effects on stabilizing fusion pores. By
contrast, overexpressing Syn la-S62A shortened the PSF mean duration (to the similar
levels of Ctrl) compared to Syn la (p < 0.001), suggesting the phosphodeficiency at
Ser62 site may destabilize fusion pores. In particular, overexpressing Syn la-
S9,566,603A significantly prolonged the PSF mean duration compared to Ctrl, Syn la,
or Syn la-S62A, indicating vigorous effects on stabilizing fusion pores by

phosphodeficiency at Ser9, Ser566, and Ser603 sites. Secondly, the mean amplitude
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(Fig. 8D) and area (Fig. 8E) of PSF were measured in various transfected groups. The
results showed no significant differences among all groups, suggesting that Syn la or
its phosphodeficient mutants may not alter the flux through the open fusion pores.
These findings suggest that Syn la differentially regulates the stabilization of open
fusion pores by phosphorylation at various sites, but without altering the flux through
the open fusion pores.

According to previous studies (Chiang et al., 2014; Wang et al., 2006), the mean
amplitudes of KR and PSF should be similar because both KR and PSF generated
from the same population of non-dilating fusion pores. Moreover, the mean
amplitudes of both should not change over the time. To confirm the similarity of the
mean amplitudes for KR and PSF in this study, the scatter plots of KR (or PSF) mean
amplitude across the KR (or PSF) duration were constructed (Fig. 9A and 9B).
Among the groups, linear fitting of the plots for KR exhibited little correlation (R?
ranging from -0.01 to 0.02), suggesting the mean amplitudes of KR do not change
over the time (Fig. 9A). These evidence also confirmed the square-shaped of KR
events as shown in amperometric recordings (Fig. 6A, right). Consistent with results
of KR, little correlation (R? ranging from -0.02 to -0.01) was also found in the scatter

plots for PSF amplitude versus the PSF duration in various transfected groups (Fig.
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9B). Taken together, these results suggest that both PSF and KR are generated from
non-dilating fusion pore. Partial fusion pore from this population would dilate and
then undergo FF, yielding the PSF followed by spikes as shown in amperometric
recordings (Fig. 6A, left). Since the population of FF was distinguishable from that of
KR events, we next examined the mean amplitude distributions of both events (Fig.
9C). Among all groups, the mean amplitude distributions of KR events can be fitted
well by single Gaussian distribution (R? ranging from 0.90 to 0.98), suggesting these
events arise from a single distinct population (Fig. 9C, insets). Instead, the mean
amplitude distributions of FF exhibited comparatively skewed in various transfected
groups (Fig. 9C). Given that these results suggest that the population of FF was
indeed distinguishable from that of KR events, corresponding to previous studies

(Chiang et al., 2014; Wang et al., 2006).

3.4 Fusion pore kinetics of DCVs was regulated by Syn la or its phosphodeficient
mutants

Since the secretion rate, FF frequency, and stabilization of open fusion pores
were regulated by the phosphorylation of Syn la, we were interested if Syn la and its

phosphodeficient mutants further regulate fusion pore kinetics of DCV exocytosis. To
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investigate the effects of Syn la and its phosphodeficient mutants on the DCV fusion

pore Kinetics, the specific rate constants kc and ka were analyzed from the Xkr (Fig.

6C) and PSF mean duration, t (Fig. 8C) by equations according to the kinetic model

of fusion pores defined in previous studies (Chiang et al., 2014; Wang et al., 2006;

Wang et al., 2001; Wang et al., 2003) (Fig. 10 and Methods). Based on the results of

ke and kq, overexpressing Syn la did not change the ke, but decreased the ka compared

to Ctrl, suggesting that Syn la prevents the open fusion pores towards the dilation

state, thus stabilizes the open fusion pores. By contrast, overexpressing Syn la-S62A

markedly increased the levels of ke compared to Ctrl or Syn la, suggesting that Syn

la-62A strongly promotes the open fusion pores towards the closure state. In addition,

overexpressing Syn la-S62A lightly increased ka compared to Syn la. Taken together,

these results suggest that Syn la-S62A promotes open fusion pores escapes away from

the open state (mainly towards the closure state), thus destabilizes the open fusion

pores. Instead, overexpressing Syn 1a-59,566,603A decreased both ke and Ka

compared to Ctrl or Syn la, suggesting the effects on the prevention of open fusion

pores towards the closure or dilation state and the stabilization of open fusion pores.

Given that the phosphorylation of Syn la may play an important role in regulating

fusion pore kinetics of DCVs.
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3.5 Syn I mainly localized to SVs, but rarely localized to DCVs in PC12 cells

Despite Syn la has been considered localized to SVs exclusively, our results

from single-vesicle amperometry showed that Syn la can regulate DCV exocytosis via

its phosphorylation. Thus, the mechanism underlying the Syn Ia’s regulation of DCV

exocytosis required further exploration. The question here is how a SV-specific

protein, Syn la regulates DCV release. Does Syn | localize to DCVs to regulate DCV

exocytosis? Or, Syn la may interact with certain exocytotic proteins that localize to

DCV, thus regulating DCV exocytosis. In the latter case, Syn la may co-recruit SVs

and DCVs to plasma membrane by associating with certain proteins, thus regulating

DCV exocytosis. Therefore, to exclude the possibility that Syn la localizes to DCVs,

we confirmed the subcellular localization of Syn I in PC12 cells (Fig. 11). The PC12

cells overexpressing Syn la or its phosphodeficient mutants were co-immunostained

with Syn | and DCV marker, chromogranin B (ChB) or general vesicle marker,

Synaptophysin (Syp) after KCI depolarization. Based on the results from

immunofluorescence staining (Fig. 11A), Syn | was mainly colocalized with Syp

corresponded to previous studies. Conversely, only little levels of colocalization of

Syn | and ChB, suggesting Syn | mainly localizes to SVs in PC12 cells. To further
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quantify the levels of colocalization, the ratios of the Syn | immunoreactivity

overlapping with the ChB or Syp immunoreactivity were analyzed (Fig. 11B). We

found that Syn | immunoreactivity overlapping with the ChB, reflecting the

percentages of Syn | targeting to DCVs, was notably lower than Syp (p < 0.001),

reflecting the percentages of Syn | targeting to general vesicles. Moreover, the ratios

of Syn 1/Syp and Syn I/ChB were similar in various transfected groups. Hence, these

results suggest that Syn | or its phosphodeficient mutants mainly localize to SVs, but

rarely localize to DCVs in PC12 cells.

3.6 Exploring the putative Syn la-interacting proteins by database search and

PPI prediction

Since Syn | rarely localize to DCVs, we hypothesized that Syn la may regulate the

dynamics of DCV exocytosis, through the phosphorylation-dependent interaction with

certain DCV proteins. Supposedly, the interaction of Syn la with Syn la-interacting

proteins might be regulated by the phosphorylation of Syn la. Furthermore, these

proteins must be exocytotic proteins, thus can rapidly affect DCV exocytosis. First of

all, we explored the putative Syn la-interacting proteins by database search (Fig. 12).

As a result, we found that adaptor-related protein complex 3 subunit delta 1 (Ap3d1),
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nitric oxide synthase 1 adaptor protein (Noslap), leucine-rich repeat kinase 2 (Lrrk2),

calcium-activated potassium channel subunit alpha-1 (Kcnmal), diacylglycerol kinase

zeta (Dgkz), diacylglycerol kinase (Dgki), and ELKS/Rab6-interacting/CAST family

member 1 (Ercl) in rats can directly interact with rat Syn la from IntAct and Mint

(Fig. 12A). Moreover, Syn la can interact with its homologous proteins, Syn Ib and

Syn 11b from BIND database. Based on the finding from String database (Szklarczyk

et al., 2015), rat Syn | may interact with Noslap, CaMK lla (CaMK II subunit alpha),

Ercl, Crk, CaMK 1V, CaMK llg (CaMK Il subunit gamma), Sytl, Myristoylated

alanine-rich C-kinase substrate (Marcks), Brain-derived neurotrophic factor (BDNF),

and Prickle-like protein 1 (Prickle 1) (Fig. 12B). All of the results from database

search were combined and shown as the pie chart (Fig. 12C). Even though three of rat

proteins, i.e., Lrrk2, Noslap and Ercl, found in the results from two types of

databases, these proteins are not associated with DCVs. Therefore, these three

proteins were not qualified for the requirement of the putative Syn la-interacting

proteins in our study. As failing to find the suitable putative Syn la-interacting

proteins from the database search, we next performed the protein-protein interaction

(PPI) predication with the MirrorTree (Ochoa and Pazos, 2010; Pazos and Valencia,

2001) (Fig. 13 and Methods). The correlation coefficients as the indexes of the

48

doi:10.6342/NTU201901181



interaction possibility were generated automatically after prediction, according to the

criterion of the MirrorTree (Fig. 13A). The heat map showed the results from PPI

prediction for totally 66 protein pairs (Fig. 13B). Top 5 proteins from the heat map

(with the higher correlation coefficients compared to others) were regulating synaptic

membrane exocytosis protein 2 (Rims 2), protein unc-13 homolog D (Unc 13D),

SNARE-associated protein Snapin (Snapin), N-methyl-D-aspartate receptor subunit

3B (NMDA 3B), and Syp (Chatterton et al., 2002; llardi et al., 1999; Jahn et al., 1985;

Koch et al., 2000; Shin, 2014). Among the top 5 proteins, the only one reported on the

DCV membrane with transmembrane domains is Syp (Berwin et al., 1998; Saegusa et

al., 2002; Schilling and Gratzl, 1988; Winkler, 1997). Therefore, Syp was selected as

the primary putative Syn la-interacting protein. Additionally, three SNARE proteins

were also regarded as the putative Syn la-interacting proteins in our study, owing to

the important roles in regulating DCV exocytosis.

3.7 The expression levels of Synaptophysin and SNARE proteins were not

altered by overexpressing Syn la or its phosphodeficient mutants

Before verifying of the interaction between Syn la and the putative Syn la-

interacting proteins, the expression levels of Syp and SNARE proteins, i.e., Stx,
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SNAP-25, and Syb, were examined in cells overexpressing Syn la or its

phosphodeficient mutants at 72 hr post transfection (Fig. 14). According to the results

from western analysis, the expression levels of Syn | protein were markedly increased

in cells transfecting with Syn la or its phosphodeficient mutants compared to Ctrl (p <

0.05) (Fig. 14A and 14B), suggesting the well efficiency of overexpression consistent

with the results of mMRNA levels (Fig. 5B). By contrast, similar expression levels of

Syp (Fig. 14A and 14C), Stx (Fig. 14A and 14D), SNAP-25 (Fig. 14A and 14E),

and Syb (Fig. 14A and 14F) were showed in various transfected groups, suggesting

overexpressing Syn la or its phosphodeficient mutants does not altered the expression

levels of these proteins.

3.8 In vivo interaction between Syn | and Synaptophysin depended on the

phosphorylation of Syn la

To verify the results form PPI prediction (Fig. 13B), we performed co-

immunoprecipitation (co-IP) from cell overexpressing Syn la or its phosphodeficient

mutants after KCI depolarization (Fig. 15). Based on the results, the interaction

between Syn | and Syp was confirmed (Fig. 15A). Moreover, overexpressing Syn la

significantly decreased the levels of interaction between Syn | and Syp compared to
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Ctrl (p < 0.05). Of note, the dramatic reduction of Syn I-Syp interaction was attributed

by overexpressing Syn la-S62A or Syn la-59,566,603A compared to Ctrl or Syn la (p

< 0.05), suggesting that the in vivo interaction of Syn | with Syp is regulated by the

phosphorylation of Syn la. Next, we also found the interaction between Syn | and Stx

(Fig. 15B). In addition, overexpressing Syn la or its phosphodeficient mutants

significantly decreased the levels of interaction between Syn | and Stx compared to

Ctrl (p < 0.05). However, Syn I-Stx interaction was not altered by overexpressing Syn

la-S62A or Syn 1a-59,566,603A, suggesting that the phosphorylation of Syn la may

not play an important role in regulating the in vivo interaction of Syn | with Stx. Even

through the interaction of Syn I with SNAP-25 or Syb also found, the interactions

were appeared occasionally (Fig. 15C and 15D). Since the expression levels of Syp

and SNARE proteins were not altered by overexpressing Syn la or its

phosphodeficient mutants (Fig. 14), the levels of interaction between Syn | and Syp

was particularly regulated by the phosphorylation of Syn la.

The in situ interaction between Syn | and Syn I-interacting proteins was further

confirmed by performing the proximity ligation assay (PLA) (lvanov, 2014,

Soderberg et al., 2008) (Fig. 16). The explicit red puncta from results of PLA

demonstrated the in situ interactions of proteins. Since direct interaction of Stx and
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SNAP-25 reported previously (Sollner et al., 1993a), the clear PLA fluorescent spots

were indeed showed in intact cells with the labeling of Stx and SNAP-25 antibodies

(Fig. 16A1-3). By contrast, we did not detect any PLA signals in the absence of any

primary antibodies (Fig. 16A4-5). Here, the interaction between Syn | and Syp

confirmed again in cells overexpressing Syn la after 1-min KCI depolarization (Fig.

16B). As expected, the apparent spots from the results of PLA were detected in

transfected cells with the labeling of Syn | and Syp antibodies, suggesting Syn la may

directly interact with Syp in situ in the same cell. Additionally, some PLA signals

were found in cells overexpressing Syn la with the labeling of Syn | and SNAP-25

antibodies (Fig. 16C), but less PLA puncta numbers compared to the labeling of Syn

I-Syp (Fig. 16B). In summary, our results suggest that the in vivo interaction between

Syn I and Syp is not attributed to the change in expression levels of proteins, but

depends on the phosphorylation of Syn la.
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Chapter IV

Discussion

In this study, we show that overexpressing Syn 1a-S9,566,603A significantly
decreases the secretion rate and FF frequency, suggesting that secretion from DCVs is
regulated by the phosphorylation of Syn la. In addition, Syn la and its
phosphodeficient mutants also exert the profound effects on the opening of initial
fusion pores. Overexpressing Syn la or Syn la-S9,566,603A prolongs the PSF mean
duration. By contrast, overexpressing Syn la-S62A shortens the PSF mean duration.
Since Syn la or its phosphodeficient mutants do not change the PSF mean amplitude
and area, our findings suggest that Syn la differentially regulates the stabilization of
open fusion pores by its phosphorylation at various sites, without altering the flux
through the open fusion pores. Moreover, we further show that Syn la and its
phosphodeficient mutants regulate fusion pore kinetics, the intermediates during DCV
fusion. Overexpressing Syn la-S62A increases kc and kg, thus promoting open fusion
pores leaving from the open state mainly towards the close state. Conversely,
overexpressing Syn 1a-S9,566,603A decreases both ke and kg, thus preventing the
open fusion pores towards the close or dilation state, leading to stabilizing open fusion

pores. Thus, phosphorylation of Syn la may play an important role in regulating
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fusion pore kinetics of DCVs. Based on the confirmation for the subcellular

localization of Syn | in PC12 cells, Syn I rarely localizes to DCVs. These data suggest

that Syn la may interact certain protein to regulate the dynamics of DCV exocytosis.

Therefore, we further predict and identify certain DCV proteins that can directly

interact with Syn | in a phosphorylation-dependent manner, thus affecting DCV

exocytosis. From the database search and PPI prediction, Syp and three SNARE

proteins was selected as the putative Syn la-interacting protein i.e., Stx, SNAP-25,

and Syb for further verifying their interactions. Finally, we show that Syn | may

directly interact with Syp in situ in the same cell. Since the expression levels of Syp

protein is not altered by overexpressing Syn la or its phosphodeficient mutants, our

results suggest that the in vivo interaction of Syn | and Syp cannot be attributed to the

change in expression levels of proteins.

4.1 Syn la dynamically regulates DCV exocytosis via different phosphorylation

sites.

The amperometric results (Fig. 4) show that a profound reduction in the

secretion rate of DCVs by overexpressing Syn 1a-S9,566,603A compared to Syn la-

S62A, suggesting that phosphorylation of Ser9, Ser566, and Ser603 may play a vital
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role in regulating the secretion rate of DCVs. Previous studies reported that

phosphorylation of Ser9, Ser566, and Ser603 induces major conformational changes

in the structure of Syn la. By contrast, no effects on the structure of Syn la were found

due to phosphorylation of Ser62 (Bahler et al., 1990; Bahler and Greengard, 1987;

Benfenati et al., 1989a; Ceccaldi et al., 1995; Chi et al., 2003; Petrucci and Morrow,

1987; Valtorta et al., 1992). The different effects on the structure of Syn la by

different phosphorylation sites seemed to be the underlying mechanisms that

phosphorylation of Syn la at different sites leads to the different reduction levels in

the secretion rate of DCVs.

According to our kinetic model (Chiang et al., 2014; Wang et al., 2006; Wang et

al., 2001; Wang et al., 2003), if the Kkc is increased, the opening fusion pore prefer to

enter the close state (KR events). By contrast, if kq is increased, the opening fusion

pore prefers to enter the dilation state (FF events). Syn la-S62A increases ke

compared to Syn la (Fig. 10), however, Syn la-S62A cannot increase the occurrence

of KR events compared to Syn la (Fig. 6C). We speculate that these results may be

due to the increased portion in the sum of kc and kaq is similar to the increased portion

in kc alone, thereby not changing the ratio of ke versus ke and ka (Xkr). In addition,

the decreased PSF mean duration of Syn la-S62A (Fig. 8C) is consistent with the

55

doi:10.6342/NTU201901181



inverse of the increased sum of kc and kq. Similarly, the increased PSF mean duration

of Syn 1a-S9,566,603A (Fig. 8C) is due to the decreased sum of kc and ka. Since kg in

Syn 1a-S9,566,603A is decreased, Syn 1a-S9,566,603A indeed decreases the FF

frequency compared to Syn la (Fig. 6B). The constant Xkr of Syn 1a-S9,566,603A

compared to Syn la may be presumably due to the decreased portion in the sum of kc

and ka is similar to the decreased portion in k¢ alone.

4.2 Syp is selected as the primary putative Syn la-interacting protein among top

5 proteins from PPI prediction.

Based on the results from PPI prediction (Fig. 13), the top 5 proteins are Rims 2,

Unc 13D, Snapin, NMDA 3B, and Syp. Rims 2 is effector of a group of small

GTPases, Ras-related protein Rab, with the main function in regulating SV priming

(Koushika et al., 2001; Stevens et al., 2011). NMDA 3B is a postsynaptic protein.

Thus, Rims 2 and NMDA 3B are apparently not our putative Syn la-interacting

proteins. In addition, the Unc 13 family (Unc 13A-D) also plays important role in the

first part of the priming step rather than docking or fusion during DCV exocytosis

(Ashery et al., 2000; Augustin et al., 1999; Man et al., 2015; Richmond et al., 1999).

Previous studies found that Unc13 D is abundantly expressed in lung, spleen, and
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testis, regarded as non-neuronal isoform of the Unc 13 family (Koch et al.; 2000; Man

et al., 2015). Thus, Uncl13 D is presumably not considered to play a functional role in

exocytosis. Snapin, a ubiquitously expressed soluble protein, can bind to SNAP-25

via phosphorylation (Chheda et al., 2001). Most studies showed that Snapin can

enhance the interactions of SNAREs and Syt I, thus playing an important role in

priming step during exocytosis (llardi et al., 1999; Stevens et al., 2011). However,

Snapin is not enriched in SV fractions, raising the question whether Snapin may

function as a general regulator of neurotransmitter release (Vites et al., 2004). Since

Syp is the only one of top 5 proteins from PPI prediction that was reported on the

DCV membrane with four transmembrane domains (Berwin et al., 1998; Jahn et al.,

1985; Saegusa et al., 2002; Wheeler et al., 2002; Winkler, 1997), Syp is selected as

the primary putative Syn la-interacting protein in this study. The abundantly

expression of Syp in presynaptic terminals and the integral membrane domains of Syp

form a hexameric channel-like structure (Gincel and Shoshan-Barmatz, 2002; Thomas

et al., 1988), so Syp has been implicated in regulation of neurotransmitter release.

Previous studies showed that increased expression of Syp correlates with learning and

memory (Arthur and Stowell, 2007; Lynch et al., 1994; Mullany and Lynch, 1997),

biogenesis of secretory vesicles (Thiele et al., 2000), and some neurodegenerative
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diseases (Eastwood and Harrison, 1995; Heinonen et al., 1995). Thus, the precise

function and role of Syp in regulating exocytosis remained elusive. In this study, we

show that the Syn I-Syp interaction depends on phosphorylation of Syn la. Thus it is

likely that the Syn I-Syp interaction is involved in Syn Ia’s regulation of DCV

exocytosis.

4.3 The potential role of Syn la in the development of neurological diseases

Specific actions of nitric oxide (NO) (Zhou and Zhu, 2009), a major biological

messenger molecule with multiple functions in the nervous systems, is generated by

neuronal NO synthase (NNOS), at presynaptic sites. The nNOS is determined by the

ternary complex, comprising nNOS, CAPON (also named NOS1ap), and Syn I,

leading NnNOS to target to the precise localization (Jaffrey et al., 2002). Previous

studies reported that NO signaling involved in modulating physiological functions

such as learning, memory, and neurogenesis, as well as neurological disorders

[depression (Lawford et al., 2013), anxiety (Zhu et al., 2014), and autism (Delorme et

al., 2010)].

The expression level of NNOS was altered in the mouse model of Alzheimer's

disease (Choi et al., 2018), a neurodegenerative disorder involving progressive
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memory loss and behavioral changes. The nNOS—CAPON interaction was increased

in the hippocampus of APP/PS1 mice (a transgenic mouse model of Alzheimer's

disease); however, memory deficits of 4-month-old APP/PS1 mice was rescued after

blocking the nNOS—CAPON interaction, suggesting that nNOS-CAPON interaction

mediates the development of Alzheimer's disease, especially in the early stages

(Zhang et al., 2018). An involvement of nNOS/NOS1ap interaction highly altered the

dendritic spine development and filopodial outgrowth that are important

neuropathological features of schizophrenia (Candemir et al., 2016), a severe mental

disorder, characterized by a variety of symptoms (e.g., delusions, hallucinations,

psychosis, paranoia, poor attention, and memory deficits). Moreover, NMDA

receptors (NMDAR) signaling through nNOS contributes to excitotoxicity. The

hyperactivity of NMDAR occurs in schizophrenia that is thought to be exacerbated by

NOS1ap, implicating the roles of NNOS and NOS1ap in schizophrenia (Courtney et

al., 2014). Significant linkage disequilibrium between schizophrenia and CAPON

gene (Brzustowicz et al., 2004) and increased-expression of CAPON in Dorsolateral

Prefrontal Cortex in Schizophrenia and Bipolar Disorder (Xu et al., 2005) support a

role of NOS1lap in schizophrenia.
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Although the high correlation coefficient of NMDA 3B from PPI prediction (Fig

13, the top 4th protein), Syn la is exclusively localized to presynaptic terminals,

suggesting that the interaction of NMDA 3B-Syn la is highly unlikely happened.

Therefore, Syn la seemed implausible to participate in NMDA receptor (NMDAR)

signaling through nNOS that contributes to the development of schizophrenia

(Candemir et al., 2016; Courtney et al., 2014). Since Syn | is one of the key

components of the nNOS- NOS1ap-Syn | ternary complex, leading nNOS to target to

the precise localization (Jaffrey et al., 2002), Syn la may presumably involve in the

nNNOS-CAPON interaction, thus mediating the neurotoxicity in Alzheimer's disease

or Schizophrenia. Moreover, previous studies reported that the levels of

neuropeptides, packaged into DCVs, were associated with the pathogenesis of

schizophrenia (Gabriel et al., 1996). The paralleled reduction of Syn la with the DCV

marker was found in the hippocampus from schizophrenia (Nowakowski et al., 2002).

In addition, the colocalization of B-amyloid with the DCV marker was showed in the

brain from Alzheimer’s patients (Willis et al., 2011). Since these results and our

findings in this study showing that Syn la regulates the dynamics of DCV exocytosis

in a phosphorylation-dependent manner, the deficiency of Syn Ia’s regulation
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underlying DCV exocytosis may presumably lead to the development of neurological

diseases, such as schizophrenia and Alzheimer’s diseases.

4.4 The potential role of Syn la in the co-release of neurotransmitters.

In the early 1900s, the scientist, Henry Dale purposed the Dale’s Principle (Dale,

1935). The concept in the Dale’s Principle is that one neuron makes and releases only

one transmitter. Furthermore, it was generally considered that neurotransmitters

contained in one neuron are specialized for either inhibitory or excitatory roles, but

not both. However, an increasing studies showed that multiple neurotransmitters were

shown in the same neurons (Brownstein et al., 1974; Chronwall et al., 1984; Cottrell,

1976; Everitt et al., 1984a; Grimmelikhuijzen, 1983; Hanley et al., 1974; Kerkut et al.,

1967; Mains et al., 1977; Osborne, 1977) and can be released from the same nerve

terminals (Bartfai et al., 1988; Fulop et al., 2005; Furshpan et al., 1986; Furshpan et

al., 1976; Johnson, 1994; Kupfermann, 1991; Potter et al., 1986; Slonimsky et al.,

2006; Yang et al., 2002). In addition, the coexistence of multiple neurotransmitters is

appeared both in the central (Chronwall et al., 1984; Everitt et al., 1984a; Merighi,

2002) and peripheral nervous system (Burnstock, 1983). These evidences not only
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challenged the Dale’s Principle, but also implicated in the hypothesis of co-release of

neurotransmitters.

The term “coexistence” was first used in the study in invertebrate isolated

ganglia neurons. More than one coexisting neurotransmitters, 5-hydroxytryptamine

(5-HT), octopamine, and ACh, found in these neurons (Brownstein et al., 1974).

Coexistence of multiple neurotransmitters in the same neurons is not limited in these

neurotransmitters derived from a common gene coding for the prohormone (Mains et

al., 1977; Pulst et al., 1986) or the products of distinct genes (Chronwall et al., 1984).

Different types of neurotransmitters (Belin et al., 1983; Belin et al., 1981; Everitt et

al., 1984b; Johnson, 1994; Kaneko et al., 1990; Li and Bayliss, 1998; Millhorn et al.,

1987; Nanopoulos et al., 1981), even that neurotransmitters and neuropeptides

(Everitt et al., 1984a; Hanley et al., 1974; Hokfelt et al., 1977; Nicholas et al., 1990),

were also found to co-exist in the same neurons.

In the very beginning, the theory of co-release of neurotransmitters is extremely

controversial, because some researchers doubt that different neurotransmitters may act

different functions at the specific time and targets. For example, if one

neurotransmitter has the synergistic effect, the other may act the opposite effect upon

their target site. In this concern, two different neurotransmitters seemed unlikely co-
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release in the same neurons. However, numerous recent studies showed the exact

presence of co-transmission (Dal Bo et al., 2004; Fulop et al., 2005; Furshpan et al.,

1986; Furshpan et al., 1976; Johnson, 1994; Li and Bayliss, 1998; Potter et al., 1986;

Slonimsky et al., 2006; Yang et al., 2002).

The most direct evidence for the occurrence of co-release of two

neurotransmitters is the study by Johnson (Johnson, 1994). They showed that 60% of

the serotonergic neurons evoked excitatory glutamatergic potentials, demonstrating

co-release of serotonin and glutamate from single raphe neurons. The results from

immunocytochemistry and single-cell RT-PCR experiments confirmed that isolated

dopamine neurons express vesicular glutamate transporters 2 (VGLUT2), thus

providing a basis for dopamine neurons to couple glutamate as a cotransmitter (Dal

Bo et al., 2004). The other evidence provided the presence of glutaminase, an enzyme

for synthesis of glutamate, in mesencephalic DA neurons of both rat and monkey

(Sulzer et al., 1998). Moreover, a number of groups reported that glutamate can be

released from monoamine neurons. These studies supported the co-transmission.

Co-transmission of multiple neurotransmitters seemed not such parsimonious

than the release of a single transmitter. Nonetheless, co-transmission facilitates the

crosstalk between nearby neurons. Therefore, coexistence and co-transmission of
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multiple neurotransmitters display a variety of release properties which favor in the

diversity of synaptic transmission. However, the molecular mechanism that mediates

the co-release of multiple neurotransmitters or co-release of SVs and DCVs remains

unknown. In this study, we show that Syn la is not only crucial in recruiting SVs, but

also plays an important role in regulating the dynamics of DCV exocytosis via its

phosphorylation, providing a new conceptual advance regarding the co-release of SVs

and DCVs.

4.5 Significance

In this study, we provide the first evidence in the literature that Syn la, a SV-

specific SV protein can regulate the dynamics of DCV exocytosis via phosphorylation

of Syn la. The DCV-associated protein, Syp, potentially involved in the Syn Ia’s

regulation of DCVs via interacting with Syn la in a phosphorylation-dependent

manner. Single-vesicle amperometry is used for the study of molecular mechanisms in

distinguishes steps (fusion pore, kiss and run, and full fusion). The characteristics

(spike and PSF characteristics) associated with DCVs were used to detect the release

of NE as an oxidation current at the surface of a CFE. By virtue of single-vesicle

amperometry, we can determine the dynamics of individual releasing events from
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DCVs in a highly temporal resolution. By comparing to the experiments in the HNS,

we can only detected the overall increased or decreased level in the release from

DCVs (OT or VP) by ELISA. Owing to the lack of information for the intact protein

structure of Syn la, we can just explore the putative Syn la-interacting proteins by

performing the sequence-based PPI prediction technique, instead of the structure-

based techniques. Even with less precision of sequence-based PPI prediction

compared to the structure-based techniques, we finally identify Syp as a Syn la-

interacting protein and further confirm the phosphorylation-dependent interaction of

Syp and Syn la. We show that phosphorylation of Syn la is important in regulating

release of both SVs and DCVs. Despite the precise role of Syn la-Syp interaction in

regulatng DCV exocytosis requires further investigation, the expression level of Syp

has been reported to related to some neurological diseases, such as Alzheimer’s

disease, suggesting the potential role of Syp in regulating neurotransmitter release.

Neurotransmitter release and reception mediate chemical synaptic transmission.

Defects in neurotransmitter release lead to various neurological diseases. Advanced

understanding of the molecular and cellular mechanisms underlying neurotransmitter

release is required to develop appropriate cures for the relevant neurological diseases.

In this study, we show the important role of Syn la in the regulation of DCV
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exocytosis and implicate that Syn la may potentially co-recruit SVs and DCVs to

plasma membrane together by phosphorylation-dependent Syn la-Syp interaction,

thus dynamically regulating both of SVs and DCVs release. Therefore, our study

provides a new conceptual advance regarding the co-release mechanism of DCVs and

SVs, conferring the versatility of neurotransmitter release.
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Chapter V

Conclusion

In this study, we provided the first evidence that Syn la, a SV-specific SV
protein can regulate the dynamics of DCV exocytosis via the phosphorylation of Syn
la. We showed that Syn la decreased ka compared to Ctrl, suggesting that Syn la
promotes DCV fusion pore remaining at the open state. Therefore, Syn la stabilized
the opening DCV fusion pores, and thus the PSF mean duration of Syn la was
increased compared to Ctrl. Conversely, the phosphodeficient mutant at the Ser62,
Syn 1a-S62A, increased both kcand ka (the much stronger effects on kc) compared to
Syn la, suggesting that Syn la-S62A promotes the opening DCV fusion pore entering
the close or dilation state (mainly towards the close state). On the contrary, the
phosphodeficient mutant at the Ser9, Ser566, and Ser603, Syn 1a-S9,566,603A,
decreased both kcand ka compared to Syn la, suggesting that Syn 1a-S9,566,603A
prevents the opening DCV fusion pore towards the close or dilation state. Hence, Syn
la differentially regulates the stabilization of the DCV fusion pores via
phosphorylation at various sites. Moreover, Syn la-S9,566,603A significantly
decreased the secretion rate and FF frequency, suggesting that Syn la regulates the

secretion from DCVs by its phosphorylation. Since Syn | rarely localized to DCVs,
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Syn la may interact with certain DCV protein, thus regulating the dynamics of DCV

exocytosis. From the database search and PPI prediction, Syp was selected as the

primary putative Syn la-interacting protein. Furthermore, the in vivo interaction

between Syn | and Syp was identified by co-IP and PLA. Finally, we showed that the

in vivo interaction between Syn | and Syp is not attributed to the change in expression

levels. In conclusion, in this study, we used multiple techniques to unveil how the SV-

specific protein Syn la regulates the release of DCVs. These results provide not only

the cutting-edge understanding for the molecular basis underlying Syn Ia’s regulation

of DCV exocytosis, but also a new conceptual advance regarding the co-release

mechanism of DCVs and SVs, conferring the versatility of neurotransmitter release.
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Figure 1. Neurotransmitters are released by Ca?*-regulated exocytosis.

A, The process of Ca?*-regulated exocytosis can be divided into several steps,

including docking, priming, and fusion. Synaptotagmin | and SNARE complex

(formed by Syntaxin, Synaptobrevin, and SNAP-25) help DCVs fused with plasma

membrane. B, Two distinct fusion events in Ca?*-regulated exocytosis. After fusion

pores form, DCVs can undergo two distinct fusion events, i.e., full fusion (FF) and
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kiss and run (KR). DCVs fuse with the plasma membrane and then dilate completely,

termed “FF”, whereas “KR” is that DCVs transiently fuse with the plasma membrane,

release neurotransmitter partially, and then become vesicles again by leaving the

plasma membrane.
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Figure 2. Syn la is a key regulator of SV dynamics by modulating the storage

and mobilization via its phosphorylation.

A, The domain structure of Synapsin la and distinct phosphorylation sites. The

structure of Syn la can be divided into five domains, A, B, C, D, and, E. The arrows

represented nine phosphorylation sites regulated by different protein kinases. B, The
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process of SV exocytosis modulated by the phosphorylation of Syn la in presynaptic
terminals. Syn la (represented in red) acts as a linker between SVs, actin, and SVs,
forming the clusters in a reserve pool (RP), which is far away from the plasma
membrane. Upon the appropriate stimulus, Syn la is phosphorylated and then recruits
SVs to active zone to form readily releasable pool (RRP). SVs in RRP are ready to

dock, prime, and fusion.
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A, Single-vesicle amperometry provides the sensitive measurement for DCV release
by detecting oxidized-neurotransmitters released from DCVs. PC12 Cells were
incubated with norepinephrine (NE) prior to single-vesicle amperometric recordings.
The release of NE from individual DCVs was induced by high KCI and detected as an
oxidation current at the potentiated carbon fiber electrode (CFE) with +650 mV. An
efflux of neurotransmitters out of DCVs corresponds to the signal in amperometric
recordings. B, In this study, we would determine how Syn la regulates the dynamics
of DCV exocytosis via phosphorylation at single-vesicle levels and further determine

the mechanism underlying the Syn Ia’s regulation of DCV exocytosis.
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Figure 4. Secretion rate of DCVs was regulated by Syn la or its phosphodeficient

mutants.

A, Representative secretion events in cells overexpressing control (Ctrl), wild-type
Syn la (Syn la), or the phosphodeficient mutants (Syn la-S62A or Syn la-
S9,566,603A). The Black bottom line showed the period of KCI application (20 sec).

B, Cumulative events (peak amplitude > 2 pA) normalized by a number of cells from
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the onset of KCI application (black bottom line) to the end of recordings (total 25
sec). C, Fitted secretion rate obtained from (B) by linear fits for the 0-10 sec (left) or
10-20 sec (right). R? were ranging from 0.988 to 0.998 for these groups. D, Bulk
secretion rate was acquired from the same dataset in (B) by taking the cellular means
(numbers in columns as cell numbers).

All data are presented as mean £ SEM. Numbers in columns as cell numbers. **p <
0.01; ***p < 0.001 vs. Syn la; *p < 0.001 vs. Ctrl, two-tailed Student’s unpaired t

test.
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A The partial sequence of Synasin la

-ccacagctggctcagaaacccagccaggatgtgccaccacccatcattgctgetgeccggggga

cccccgcacccccagcetcaacaaatcccagtctctgaccaatgecttcaacctticcagagecag
Syn Ib lost sequence

Syn la forward primer

cccecgceccaggceccagccttageccaggatgaggtgaaagetgagaccatccgcagcectgag-

Syn la reverse primer
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Figure 5. The mRNA expression in cells overexpressing Syn la or its
phosphodeficient mutants.

A, The design of the specific primers targeting to Syn la. B, Relative mRNA levels of
Syn la determined by performing gPCR with the specific primers targeting to Syn la
in cells overexpressing Ctrl, Syn la, or the phosphodeficient mutants (Syn la-S62A or
Syn 1a-S9,566,603A). C, Immunofluorescent images for the distribution of the DCV

marker chromogranin B (ChB) (red) and dopamine (green) after 1 hr-incubation of
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dopamine. EGFP (white) indicated transfected cells. Merged images showed
colocalization (yellow). BF, bright field. Scale bar, 5 um.
All data are presented as median + SEM (n = 4). *p < 0.05, compared to Ctrl, Mann-

Whitney test.
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Figure 6. FF frequency and fraction of KR events in cells overexpressing Syn la

or its phosphodeficient mutants.

A, Two specific temporal parameters, t1 (red) and t2 (green) were defined as

previously reported (Chiang et al., 2014). The t1 was the duration from onset to the

signal falls back to the average value of 50-100% peak amplitude of events [mean

value (50-100%), blue]. The t2 was the duration from onset to the signal falls back to

the baseline. The t1/ t2 ratio at 3.5 pA was very sensitive to the event shape of two

types of fusion events, FF (exhibiting the spike-like shape with smaller ti/ t2 ratios)

and KR (exhibiting the square-like shape with larger t1/ t2 ratios), so the peak
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amplitudes of 3.5 pA was set as cut-off for separation of two events. B, FF frequency
was acquired from the FF events (peak amplitude > 3.5 pA) from the onset of KCI
application (black bottom line) to the end of recording (total 25 sec) by taking the
cellular means (numbers in columns as cell numbers). C, Fraction of KR events (Xkr)
as the ratios of the numbers of KR events (peak amplitude 2-3.5 pA) vs. the numbers
of total events (peak amplitude > 2 pA; Figure 4) by taking the cellular means
(numbers in columns as cell numbers).

All data are presented as mean + SEM. Numbers in columns as cell numbers. *p <

0.05 vs. Syn la; #p < 0.05 vs. Ctrl, two-tailed Student’s unpaired t test.
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Figure 7. Spike characteristics in cells overexpressing Syn la or its
phosphodeficient mutants.

A, The criteria of spike characteristics. B, Peak amplitude, C, Whole area, D, Half
width, E, Rise time and F, Decay time for FF events (peak amplitude > 3.5 pA) by

taking the cellular means.
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All data are presented as mean + SEM. Numbers in columns as cell numbers. #p <

0.05 vs. Ctrl, two-tailed Student’s unpaired t test.
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Figure 8. PSF open time of DCVs was regulated by Syn la or its
phosphodeficient mutants.

A, PSF characteristics were acquired from large amperometric spikes (peak amplitude
> 13 pA). The shaded area a prespike foot (PSF). The PSF open time was measured
from onset to end point, which is the intersection between the baseline and the gray

line (The line from the 35% to 60% height of spike). B, PSF open time distributions
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(semi-log plots for the histograms of PSF duration) were fitted by a single-exponential
decay function, N(t) = N(0) x exp (-t/t), to yield the PSF mean duration, t (msec). R?,
the goodness of fits. C, PSF mean duration, t obtained in (B). D, PSF mean
amplitudes and E, PSF areas obtained from the cellular means.

All data are presented as mean £ SEM. Numbers in columns as cell numbers. *p <
0.05; ***p < 0.001 vs. Syn la; #p < 0.01 vs. Ctrl; n.s., not significant, two-tailed

Student’s unpaired t test.
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Figure 9. Two fusion events- “kiss and run” v.s. “full fusion” in cells

overexpressing Syn la or its phosphodeficient mutants.

A, Scatter plots of KR mean amplitudes v.s. KR duration for different groups. KR

mean amplitudes and duration obtained from individual KR events (dots). The R?
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from linear regression (gray) were as indicated. B, Scatter plots of PSF mean
amplitudes v.s. PSF duration for different groups. PSF mean amplitudes and duration
obtained from individual FF events with the peak amplitude equal and larger than 13
pA (dots). The R?from linear regression (gray) was as indicated. C, Histograms of the
mean amplitudes from individual FF events (> 3.5 pA). Insets, histograms of KR
mean amplitudes from individual KR events fitted by Gaussian distribution (gray).

Mean + SEM and R? from Gaussian distributions were as indicated.
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Figure 10. Fusion pore kinetics of DCVs was regulated by Syn la or its

phosphodeficient mutants.

The kinetic model of fusion pores. An opening fusion pore (O: open state) can

transiently toward closure (C: close state) or dilation (D: dilation state). The rate

constant ko represents the rate from O towards C, the rate constant kc represents the

rate from O towards C, and the rate constant kq represents the rate from O towards D.

Both ke and ka were resolved from the Xkr (Figure 6C) and PSF mean duration

(Figure 8C) using the equations (Xkr = Kc /kctkd; T = 1/ketkd) as previously reported

(Chiang et al., 2014; Wang et al., 2006; Wang et al., 2001).
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Figure 11. Subcellular localization of Syn I and ChB/Syp in cells overexpressing

Syn la or its phosphodeficient mutants.
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A, Immunofluorescent images for the distribution of Syn I (green) and the DCV

marker chromogranin B (ChB) / vesicle marker Synaptophysin (Syp) (red) after 5-min

KCI depolarization. EGFP (white) indicated transfected cells. Merged images showed

colocalization of Syn | and ChB/Syp immunoreactivities (yellow). BF, bright field.

DAPI, the labeling of nucleus (blue). Scale bars, 5 um. B, White colums, the ratios of

Syn I immunoreactivity overlapping with ChB immunoreactivity, reflecting the

percentage of Syn | targeting to DCVs; black colums, the ratios of Syn |

immunoreactivity overlapping with Syp immunoreactivity, reflecting the percentage

of Syn | targeting to general vesicles.

All data are presented as mean + SEM. Total 9-19 cells for these groups (10 for Ctrl,

9 for Syn la, 10 for Syn la-S62A, and 11 for Syn la-S9,566,603A in Syn 1/ChB

groups; 9 for Ctrl, 15 for Syn la, 18 for Syn la-S62A, and 12 for Syn 1a-S9,566,603A

in Syn 1/Syp groups). ***p < 0.001 vs. Syn la, two-tailed Student’s unpaired t test.
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Figure 12. Syn la-interacting proteins from database search.
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A, Syn la-interacting proteins in different species from IntAct and Mint (Pink lines
represent the interaction with rat Syn la; gray lines represent the interaction with
mouse Syn la. B, The STRING database can collect the results of protein-protein
interaction via multiple resources (included Neighborhood, Fusion, Occurrence,
Coexpression, Experiment, Database, or Textmining) to construct a summary network
for results. C, Combining the results from IntAct, Mint, BIND, and String. The colors

represented different databases. The numbers showed as the numbers of proteins.
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Figure 13. The protein-protein interaction prediction of putative Syn la-

interacting proteins.

A, The workflow of the MirrorTree for sequence-based protein-protein interaction

prediction. After acquiring multiple sequence alignment (MSA) of the orthologs from

different species for two query sequences (protein R and S), only the proteins of the

organisms present in both trees are used to calculate the similarities. Correlation

coefficients [from scoring from 1 (yellow) to O (dark blue)], the possibility of

interaction from protein pair (protein R and S), acquired from the tree similarity

between the two families. The higher correlation coefficient represents the higher

possibility of interaction between protein R and S. B, The heat map showed the

correlation coefficients from 66 predictions of individual protein pairs (Syn la and

putative-interacting proteins) by MirrorTree in this study.
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Figure 14. The protein levels of Syn I, Syp, or SNARES in cells overexpressing

Syn la or its phosphodeficient mutants.

A, Representative blots of Syn I, Syp, or SNAREs expression levels at 72 hr post
transfection. Cell lysates after 1-min KCI depolarization were used for immunoblots,
using the antibodies against Syn | (B), Syp (C), Stx (D), SN25 (E), Syb (F), or a-
tubulin. The values in the middle row indicate the protein levels first normalized to a-

tubulin and then to the mean value of the corresponding Ctrl.
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B-F, Quantitative analysis of protein levels. Data were first normalized to a-tubulin
and then to the corresponding Ctrl. Dots, the data from individual samples (different
colors). The dots from same sample are connected by lines.

All data are (n = 4) and presented as mean + SEM. #p < 0.05 vs. Ctrl; n.s., not

significant; two-tailed Student’s unpaired t test.
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Figure 15. In vivo interaction of Syn | with the interacting proteins in cells

overexpressing Syn la or its phosphodeficient mutants.

A-D, Representative blots for the interaction of Syn I with Syp (A), Stx (B), SNAP-25

(C) or Syb (D) at 72 hr post transfection. Cell lysates after 1-min KCI depolarization

were first immunoprecipated (IP) by Syn I and then the binding of Syn I with putative

proteins was determined by immunoblotting (1B).
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A-B, Quantitative analysis of the changes in the interaction levels. Dots, data from
individual samples (different colors). The dots from the same samples are connected
by lines. n =5 for Syp and Stx.

All data are presented as mean + SEM.

*p < 0.05 vs. Syn la; two-tailed Student’s unpaired t test.
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‘ Intact cells (Stx and SNAP-25) ’ Syn la-overespressing cells (Syn 1 and Syp) ‘

F -

Figure 16. In situ interaction of Syn | with the interacting proteins in cells

overexpressing Syn la or its phosphodeficient mutants.

A-C, Representative images for the in situ interaction of protein pairs detected by

PLA. Individual PLA fluorescent spots (red) showed the interaction (white arrows).

A, Stx interacted with SNAP-25 in intact cells. A2-3, Enlarged images from the

yellow box in Al. A4-5, Absence of PLA fluorescent signal in intact cells without the

labeling of primary antibodies. B-C, Syn I interacted with Syp (B) or with SNAP-25

(C) in cells overexpressing Syn la (72 hr post transfection) after 1-min KCI

depolarization.

114

doi:10.6342/NTU201901181



BF, bright field; PLA (red), in situ interaction of protein pairs; EGFP (white)

indicated transfected cells; DAPI, the labeling of nucleus (blue). Scale bars, 5 pm.
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Figure 17. The SV-specific protein Syn la regulates the dynamics of DCV

exocytosis in a phosphorylation-dependent manner.

The phosphorylation of the SV-specific protein Syn la can regulate DCV release and

the kinetics of fusion pores. Syn 1a-S62A increased both ke and ka, thus shortening the

PSF mean duration. Syn 1a-S9,566,603A decreased the secretion rate and FF

frequency. Moreover, Syn 1a-S9,566,603A decreased both ke and kq, thus prolonging

the PSF mean duration. The in vivo interaction between Syn | and Syp was dependent

on the phosphorylation of Syn la.
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Explore the exocytotic proteins that interact with Synapsin la in a phosphorylation-
dependent manner

AUTHOR BLOCK: *H.-J. YANG', C.-T. WANG 2341,
1Genome and Systems Biol. Program, Natl. Taiwan Univ. and Academia Sinica, Taipei,

Taiwan; 2Inst. of Mol. and Cell. Biol., 3Dept. of Life Sci., *Neurobio. and Cognitive Sci.
Ctr., Natl. Taiwan Univ, Taipei, Taiwan

Abstract:

Synapsins (Syns), a family of evolutionarily conserved phosphoproteins, are
widespread in the nervous system and localize to synaptic vesicles (SVs). Syns are
encoded by three distinct genes (syn /, syn /I, and syn lil) and consist of ten
homologous proteins by alternative splicing, i.e.,, Syn la-b, lla-b, and Illa-f. Among all
homologous proteins, Syn la is the best studied in regulating the dynamics of SVs by
controlling their storage and mobilization in a phosphorylation-dependent manner.
These physiological functions of Syn la are mainly mediated by interaction with
certain presynaptic proteins (such as cytoskeleton) through phosphorylation of Syn
la. To date, only a few of exocytotic proteins are found to directly interact with Syn la
in a phosphorylation-dependent manner. In this study, we explore new exocytotic
proteins that interact with Syn la through phosphorylation of Syn la. To begin with,
we performed Bioinformatics approaches. First, we conducted systematic database
search to find the proteins that can interact with Syn la. Second, we performed the
sequence-based protein-protein interaction (PPI) prediction with the software
MirrorTree. Based on the results from database search and PPI prediction, we
selected the candidate proteins that are exocytotic proteins and likely affect SV
release. Furthermore, we performed endogenous co-immunoprecipitation for these
candidate proteins. We found that the interaction between Syn la and Synaptophysin
(Syp) was changed after overexpression of the Syn la phosphodeficient mutant,
suggesting that the Syn la-Syp interaction may be regulated by phosphorylation of
Syn la. Our results suggest that Syp may potentially involve in Syn la’s regulation of

http:/www.abstractsonline.com/cSubmit/SubmitPrinter Friendlyersion.asp?C ontrolKey= % 7B098B5F 99% 2D DF 32%2D4AF 6%2D8B77%2D4CCB8EBOB1F46... 1/3
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Investigating the Synapsin la’s interaction with Syntaxin | in a phosphorylation-
dependent manner

AUTHOR BLOCK: *H.-J. YANG', C.-T. WANG"234
'"Genome and Systems Biol. Program, Natl. Taiwan Univ. and Academia Sinica, Taipei,

Taiwan; 2Inst. of Mol. and Cell. Biol., *Dept. of Life Sci., “Neurobio. and Cognitive Sci. Ctr.,
Natl. Taiwan Univ., Taipei, Taiwan

Abstract:

Calcium-dependent exocytosis is triggered by the formation of SNARE complex, further
inducing vesicle fusion and neurotransmitter release. Synapsin | (Syn |), a particular
phosphoprotein localized to synaptic vesicles (SVs), plays an important role in regulating
the fusion dynamics of SVs in a phosphorylation-dependent manner. Our previous results
from single-vesicle amperometry in PC12 cells showed that Syn la also regulates the
secretion rate and fusion pore kinetics of norepinephrine-laden dense-core vesicles (DCVs)
in a phosphorylation-dependent manner. However, it remains completely unknown what is
the molecular mechanism underlying Syn la regulation of DCV fusion kinetics. Here, we
examined the hypothesis whether the Syn la may interact with Syntaxin | (Stx I, a
component of fusion pores) in a phosphorylation-dependent manner. First, according to the
sequence-based protein-protein interaction (PPI) prediction with the software MirrorTree,
we found the score of possible interaction between Syn la and Stx | as 0.9. Advanced
endogenous co-immunoprecipitation in the presence of high KCI showed that the
interaction between Syn la and Stx | was regulated by Syn la phosphodeficient mutation. In
contrast, the interaction between Stx | and v-SNARE was not changed by Syn la
phosphodeficient mutation. Finally, western analysis showed that the expression levels of
these SNARE proteins were not changed by transfecting Syn la phosphodeficient mutants.
Hence, our results suggested that Syn la may interact with Stx | in a phosphorylation-
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Exploring the mechanism of Synapsin Ia, a synaptic vesicle protein, in regulating
the secretion from dense-core vesicles

Hui-Ju Yang', Chien-Yu Chen', and Chih-Tien Wang'***,

Genome and Systems Biology Program', National Taiwan University and Academia
Sinica, Institute of Molecular and Cellular Biology®, Department of Life Science’,
Neurobiology and Cognitive Science Center®, National Taiwan University, Taipei,

Taiwan 10617

Chemical synaptic transmission starts with neurotransmitter release.
Neurotransmitters are packaged into two distinct classes of vesicles, synaptic vesicles
(SVs) and dense-core vesicles (DCVs). The secretion of neurotransmitters from both
types of vesicles is regulated by Ca® -dependent exocytosis. Synapsin Ia (Syn Ia) is a
SV-specific phosphoprotein, regulating SV exocytosis. However, it is completely
unknown whether Syn Ia can regulates DCV release or not. To determine the Syn Ia’s
regulation of DCV exocytosis, we directly measure neurotransmitter release from
DCVs by single-vesicle amperometry in neuroendocrine cells. We found that Syn
la-increased secretion rate can be abolished by Syn [a-89,566,603A, suggesting that
phosphodeficiency at the Ser-9, Ser-566, and Ser-603 sites of Syn la may decrease
DCV release. Moreover, overexpressing Syn 1a-589,566,603A prolongs the PSF mean
duration, thus stabilizing fusion pores. By contrast, Syn 1a-S62A reduces the PSF
mean duration and destabilizes fusion pores. Based on the proposed kinetic model, the
phosphorylation of Syn Ia can regulate the rate constants in the steps towards fusion
pore closure or dialtion, playing an important role in regulating the kinetics of fusion
pores. Although Syn Ia can regulate DCV exocytosis in a phosphorylation-dependent
manner, Syn la is not colocalized with the DCV marker, suggesting that certain
unknown exocytotic proteins may interact with Syn Ia, thereby regulating DCV
exocytosis. To explore the potential Syn la-interacting protein, we take systems
biology  strategies. = Combining  with  bioinformatics  approaches  and
coimmunoprecipitation, we found that the interaction between Syn Ia and
Synaptophysin  (Syp) was changed after overexpression of the Syn Ia
phosphodeficient mutant. It suggested that the Syn Ia-Syp interaction may be
regulated by phosphorylation of Syn Ia. Together, Syp may potentially involve in Syn

Ia’s regulation of DCV exocytosis in a phosphorylation-dependent manner.

Appendix 7. The Poster Competition of the 2016 GSB Retreat in Genome and

Systems Biology (GSB) Degree Program at National Taiwan University, Taipei,

Taiwan (8/28-29, 2016): Abstract
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doi:10.6342/NTU201901181



Exploring the mechanism of Synapsin la, a synaptic vesicle protein, in regulating
the secretion from dense-core vesicles
Hui-Ju Yang', Chien-Yu Chen', and Chih-Tien Wang'***

Genome and Systems Biology Program’, National Taiwan University and Academia Sinica, Institute of Molecular and Cellular Biology?,
D

of Life Science®, and Cognitive Science Center?, National Taiwan University, Taipei, Taiwan 10617 =
I B [ |
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Appendix 9. The 2019 Poster Competition in Genome and Systems Biology (GSB)

Degree Program at National Taiwan University, Taipei, Taiwan (5/24, 2019):
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