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Common fusion machinery mediates the Ca21-dependent exocytosis of synaptic vesicles (SVs) and dense-core vesicles (DCVs).
Previously, Synapsin Ia (Syn Ia) was found to localize to SVs, essential for mobilizing SVs to the plasma membrane through phos-
phorylation. However, whether (or how) the phosphoprotein Syn Ia plays a role in regulating DCV exocytosis remains unknown.
To answer these questions, we measured the dynamics of DCV exocytosis by using single-vesicle amperometry in PC12 cells
(derived from the pheochromocytoma of rats of unknown sex) overexpressing wild-type or phosphodeficient Syn Ia. We found
that overexpression of phosphodeficient Syn Ia decreased the DCV secretion rate, specifically via residues previously shown to
undergo calmodulin-dependent kinase (CaMK)-mediated phosphorylation (S9, S566, and S603). Moreover, the fusion pore kinetics
during DCV exocytosis were found to be differentially regulated by Syn Ia and two phosphodeficient Syn Ia mutants (Syn Ia-S62A
and Syn Ia-S9,566,603A). Kinetic analysis suggested that Syn Ia may regulate the closure and dilation of DCV fusion pores via
these sites, implying the potential interactions of Syn Ia with certain DCV proteins involved in the regulation of fusion pore dy-
namics. Furthermore, we predicted the interaction of Syn Ia with several DCV proteins, including Synaptophysin (Syp) and soluble
N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins. By immunoprecipitation, we found that Syn Ia interacted
with Syp via phosphorylation. Moreover, a proximity ligation assay (PLA) confirmed their phosphorylation-dependent, in situ inter-
action on DCVs. Together, these findings reveal a phosphorylation-mediated regulation of DCV exocytosis by Syn Ia.
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Significance Statement

Although they exhibit distinct exocytosis dynamics upon stimulation, synaptic vesicles (SVs) and dense-core vesicles (DCVs)
may undergo co-release in neurons and neuroendocrine cells through an undefined molecular mechanism. Synapsin Ia (Syn
Ia) is known to recruit SVs to the plasma membrane via phosphorylation. Here, we examined whether Syn Ia also affects the
dynamics of DCV exocytosis. We showed that Syn Ia regulates the DCV secretion rate and fusion pore kinetics during DCV
exocytosis. Moreover, Syn Ia-mediated regulation of DCV exocytosis depends on phosphorylation. We further found that Syn
Ia interacts with Synaptophysin (Syp) on DCVs in a phosphorylation-dependent manner. Thus, these results suggest that Syn
Ia may regulate the release of DCVs via phosphorylation.
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Introduction
Ca21-regulated exocytosis mediates neurotransmitter release
from two types of vesicles, synaptic vesicles (SVs) and dense-core
vesicles (DCVs), which differ in their sizes, cargos, positions rela-
tive to the plasma membrane, secretion rates, and fusion pore
dynamics (Gondré-Lewis et al., 2012). Many neurons and neuro-
endocrine cell contain both types of vesicles (Hökfelt et al., 1980;
De Camilli and Jahn, 1990). Further evidence has suggested that
the cargos of SVs and DCVs can be co-released upon vigorous
stimulation (Nusbaum et al., 2001; Levitan and Kaczmarek,
2015; Svensson et al., 2018). In particular, both types of vesicles
share common fusion machinery underlying exocytosis; this
fusion machinery includes soluble N-ethylmaleimide-sensitive
factor attachment receptor (SNARE) proteins, such as syntaxin
(Stx), synaptosome-associated protein of 25 kDa (SNAP-25), and
synaptobrevin (Syb; Voets, 2000; Jahn and Fasshauer, 2012). For
several decades, co-release from SVs and DCVs has been thought
to be attributed to the widespread increase in Ca21 levels upon
vigorous stimulation. However, some neurons can selectively
release cargos from either SVs or DCVs upon stimulation, imply-
ing that a specific molecular mechanism controls selective release
from SVs, DCVs, or both (Nusbaum et al., 2001; Levitan and
Kaczmarek, 2015; Svensson et al., 2018).

Synapsins (Syns) were shown to localize to SVs and are essen-
tial for upregulating SV release by recruiting SVs to the plasma
membrane (Cesca et al., 2010). Syn Ia is best studied among the
ten homologous proteins in the Syn family. Under resting condi-
tions, Syn Ia tethers SVs to actin, and a depolarizing stimulus
triggers the dissociation of Syn Ia from SVs via phosphorylation,
thus mobilizing SVs to the releasable pool in the proximity of
the plasma membrane (Greengard et al., 1993). Previous
studies have shown that phosphorylation of the MAP kinase
(MAPK) sites of Syn Ia (mainly S62) decreases Syn Ia bind-
ing to SVs upon high-frequency stimulation (Chi et al., 2003;
Cesca et al., 2010). In contrast, phosphorylation of the cal-
modulin-dependent kinase (CaMK) sites of Syn Ia (S9, S566,
and S603) decreases its binding to both SVs and actin upon
low-frequency stimulation through a remarkable conforma-
tional change in the Syn Ia molecule (Benfenati et al., 1990;
Ceccaldi et al., 1995). Moreover, the binding of Syn Ia to SVs
is more sensitive to phosphorylation by CaMK than MAPK
(Cesca et al., 2010), suggesting that the phosphorylation of
these residues may have different capacities to modulate the
SV secretion rate or dynamics of exocytosis.

Although Syn Ia is well known to regulate SV exocytosis
through the actions of various protein kinases at multiple phos-
phorylation sites, whether (or how) this phosphoprotein regu-
lates DCV exocytosis remains completely unknown. Single-
vesicle amperometry has been extensively used to explore the
secretion rate and mechanisms of fusion pore kinetics during
DCV exocytosis, especially in PC12 cells with catecholamine-
containing DCVs (Jankowski et al., 1993; Wang et al., 2001;
Chiang et al., 2014). In this study, we aimed to determine
whether Syn Ia regulates the dynamics of DCV exocytosis. By
combining the results of molecular perturbation, amperometric
recordings, bioinformatics analysis, and biochemical experi-
ments, we show that the DCV secretion rate was greatly reduced
by a Syn Ia mutant harboring phosphodeficient CaMK sites (Syn
Ia-S9,566,603A). In contrast, the fusion pore kinetics of DCVs
were found to be differentially regulated by Syn Ia mutants with
a phosphodeficient MAPK site (Syn Ia-S62A) or phosphodefi-
cient CaMK sites. Kinetic analysis suggests that Syn Ia may regu-
late the closure and dilation of DCV fusion pores. We thus

predicted the interaction of Syn Ia with several DCV proteins
and further verified their interaction by immunoprecipita-
tion and a proximity ligation assay (PLA). Finally, we found
that Syn Ia can interact with Synaptophysin (Syp) on DCVs
in a phosphorylation-dependent manner. Thus, these results
suggest a phosphorylation-mediated mechanism by which
Syn Ia regulates DCV exocytosis, similar to its regulation of
SV exocytosis.

Materials and Methods

DNA plasmids
cDNA encoding wild-type Syn Ia (from Paul Greengard’s laboratory,
Rockefeller University) was subcloned into the bicistronic vector pCMV-
IRES2-EGFP (control, designated Ctrl hereinafter; Clontech, 6029-1) with
the BglII and SacI sites, yielding the plasmid pCMV-Syn Ia-IRES2-EGFP
(designated Syn Ia hereinafter). Plasmid containing the sequence of a Syn
Ia phosphodeficient mutant, pCMV-Syn Ia-S62A-IRES2-EGFP (desig-
nated Syn Ia-S62A hereinafter), was kindly provided by Meyer B.
Jackson’s laboratory (University of Wisconsin-Madison). Plasmid con-
taining the sequence of the other Syn Ia phosphodeficient mutant,
pCMV-Syn Ia-S9,566,603A-IRES2-EGFP (designated Syn Ia-S9,566,603A
hereinafter), was acquired by using the QuikChange MultiSite-Directed
Mutagenesis kit (Agilent Technologies, 200514) with designed primers
(forward primers: 5’-CCgCCTggCggACAgCAACTACATggCCAATC-39
and 5’-ATTCgTCAggCCggCCAggCAggT-3’; reverse primers: 5’-
CTggACCAgAgATAgCTgCCTgACgggTAgC-3’). All of the DNA plas-
mids were confirmed by automated sequencing and amplified (QIAGEN,
12181) for transfection.

Cell culture
PC12 cells (derived from the pheochromocytoma of rats of unknown
sex) were cultured in 10 cm dishes containing PC12 culture medium
[DMEM (Sigma, D5648), 3.7 g/l NaHCO3 (Sigma, S6297), 5% bovine
calf serum (HyClone, 0805-SH30074.03), and 5% equine serum
(HyClone, 0805-SH30072.03), pH 7.4] and maintained in 10% CO2 at
37°C. The medium was renewed every other day. The cells were moved
to new dishes upon reaching full confluence.

Transient transfection
Cells were harvested in HBSS (modified; Sigma, H4891), 0.35 g/l
NaHCO3, and 1 mM EDTA (Sigma, E5134), pH 7.2] and centrifuged at
1000 � g and room temperature (RT) for 3min. The cell pellets were
resuspended in 500ml of a DNA (50mg)-containing Cytomix solution
(120 mM KCl, 0.15 mM CaCl2, 10 mM KH2PO4, 2.5 mM HEPES, 2 mM

EGTA, and 5 mM MgCl2, pH 7.6) and transferred into a 4-mm cuvette
(Harvard Apparatus, 45-0126) for electroporation using a 230-V square
pulse for 5ms (BTX ECM830, square pulse electroporator, Harvard
Apparatus, 45-0052). After electroporation, the cells were immediately
transferred into recovery medium [PC12 culture medium containing
10% fetal bovine serum (Biological Industries Ltd., 04-004-1A)]. The re-
covery medium was replaced with fresh PC12 medium on the following
day.

Reverse transcriptase-quantitative PCR (RT-qPCR)
At 72 h after transfection, RNA samples were extracted from the trans-
fected cells by TRIzol reagent (Invitrogen) and further phase separated
by chloroform (Sigma). The samples were centrifuged at 12,000 � g and
4°C for 15min. Approximately 0.6 ml of the RNA in the upper aqueous
phase was precipitated by mixing with 0.5 ml of isopropanol and further
centrifuged at 12,000 � g and 4°C for 10min. After the supernatants
have been discarded, the RNA pellets were washed once with 75% etha-
nol, followed by centrifugation at 12,000 � g and 4°C for 10min. The
supernatants were then completely discarded. The RNA pellets were air-
dried at RT for 20min, dissolved in 20ml of DEPC-treated water, and
incubated at 60°C for 15min. The RNA samples were stored at �80°C
for additional experiments. cDNA sequences were synthesized from
RNA samples by using the ProtoScript II First Strand cDNA Synthesis
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kit (New England BioLabs). qPCR to amplify
the cDNA samples was performed with a
LabStar SYBR qPCR kit (TAIGEN
Bioscience Corporation) with specific primer
sequences that recognized Syn Ia (forward
primer: 5’-AgCTCAACAAATCCCAgTCT
CT-3’ and reverse primers: 5’-CggAT
ggTCTCAgCTTTCAC-3’). The cycle thresh-
old (Ct) values from the SYBR fluorescence
data were evaluated by using a thermocycler
(QIAGEN Rotor-Gene Q) and supplemental
software (QIAGEN Rotor-Gene Series
Software 1.7). The mRNA level (DCt) was
acquired by subtracting the Ct of the refer-
ence gene (b -actin) from the Ct of the target
gene (Syn Ia). The DDCt value was obtained
by subtracting the median of the DCt values
of the control group from the DCt values of
the transfection group. Relative Syn Ia
mRNA expression levels were calculated as
2(�DDCt).

Single-vesicle amperometry and data
analysis
At 60–96 h after transfection, transfected
cells were transferred by using a 22-gauge
needle and replated on 35 mm dishes coated
with poly-D-lysine (BD Biosciences,
B354236) and collagen I (BD Biosciences,
B354210) at a density of 2� 105 cells per
dish. To load the DCVs with catecholamines,
the cells were incubated with PC12 culture
medium containing 1.5 mM norepinephrine
(NE; Sigma, A5785) and 0.5 mM ascorbate
(Sigma, A5960) for 16 h. The culture me-
dium was replaced with fresh medium at
least 1 h before amperometric recordings.

During recordings, cells were bathed in a
solution containing 150 mM NaCl, 4.2 mM

KCl, 1 mM NaH2PO4, 0.7 mM MgCl2, 2 mM

CaCl2, and 10 mM HEPES, pH 7.4. Secretion
was induced by the pressure ejection of a
high-KCl solution (the bathing solution with
the NaCl replaced by 140 mM KCl) from a
2-mm micropipette. We used a 5-mm carbon
fiber electrode (CFE-1 or CFE-2, ALA
Scientific Instruments) connected to a VA-
10� amplifier (ALA Scientific Instruments) at
a polarization of 650mV to record NE release
from DCVs as an oxidative current. The sig-
nals were amplified by the VA-10� ampli-
fier (ALA Scientific Instruments), sent to
the Digidata 1440A interface (MDS
Analytical Technologies), and processed
with pClamp10 software (Molecular
Devices).

Amperometry data were analyzed as
previously described using a written com-
puter program (Wang et al., 2001, 2003a,
2006; Chiang et al., 2014). Amperometric
events with a peak amplitude�2 pA
(;7�RMS noise) were collected for the
calculation of all secretion events. Notably, the same dataset (Figs. 1-
5) was used for this study. To further separate the kiss-an-run (KR)
and full-fusion (FF) events, two temporal parameters, t1 and t2, were
defined as previously reported (Chiang et al., 2014; Fig. 4). t1 was
defined as the duration from onset to when the signal fell to the mean
value (50–100%), i.e., the average value of the 50–100% peak ampli-
tude of events. t2 was defined as the duration from onset to when the

signal fell back to baseline. The t1/t2 ratio at 3.5 pA was very sensitive
to the shape of the two types of fusion events, the FF (spike-shaped)
and KR (square or rectangular) events. Thus, a cutoff peak amplitude
of 3.5 pA was used to divide FF events from KR events (Figs. 4, 5).
Events with a peak amplitude�3.5 pA were defined as FF events, and
those with a peak amplitude with 2–3.5 pA were defined as KR events.
The spike characteristics were analyzed with a written computer pro-
gram based on the criterion illustrated in Figure 2A and calculated by

Figure 1. Regulation of secretion from DCVs by Syn Ia or phosphodeficient Syn Ia mutants. A, Transfected cells were incu-
bated with NE before amperometric recordings. The release of NE from individual DCVs was induced by puffing a high-KCl solu-
tion and detected as an oxidative current at the potentiated CFE. B, Relative Syn Ia mRNA levels were determined by qPCR
with primers specific for Syn Ia. All data were normalized to the median value of the Ctrl group and are presented as the mean
6 SEM; #p, 0.05 compared with Ctrl, Mann–Whitney test. Numbers in columns indicate the numbers of experiments.
C, Representative secretion events from amperometric recordings in cells expressing Ctrl, Syn Ia, Syn Ia-S62A, or Syn Ia-
S9,566,603A. The black line on the bottom indicates the application of KCl (20 s). D, Cumulative events (events with a peak
amplitude�2 pA; normalized by cell number) from the onset of KCl application (black line) to the end of recording. E, Fitted
secretion rates for the 0- to 10-s and 10- to 20-s phases in D. F, Bulk secretion rate. All data are presented as the mean 6
SEM. Numbers in columns indicate cell numbers; *p, 0.05, **p, 0.01, ***p, 0.001, one-way ANOVA with Student–
Newman–Keuls post hoc test; ###p, 0.001 versus Ctrl, two-tailed Student’s unpaired t test.
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the cellular mean method, i.e., the double-mean method (Colliver et
al., 2000; Wang et al., 2006; Chiang et al., 2014). Briefly, the means for
each cell were individually computed and then averaged to yield a cel-
lular mean, with the number of cells (rather than the number of events)
used to calculate the standard errors. To measure the prespike foot (PSF),
we collected PSF events with a peak amplitude�13 pA because events
with a large peak amplitude clearly displayed the characteristics of
PSF. PSF duration was measured from onset to the end point, which
was set as the time corresponding to the intersection between the
baseline and a line going through the 35–60% peak amplitude (Fig.
2A, the shaded region). Histograms showing PSF duration were con-
structed as semi-log plots and fitted by a single-exponential decay
function [N(t) = N(0) � exp (-t/t )] to yield the mean PSF duration
(t ; Origin8, OriginLab Corp). The PSF mean amplitude and area
were calculated by the cellular mean method.

To perform the kinetic analysis, the rate constants kc and kd in the ki-
netic model were resolved from the mean PSF duration [t = 1/(kc1 kd)]
(Fig. 2C) and KR fraction (XKR) [XKR = kc/(kc1 kd)] (Fig. 5B) as previously
reported (Wang et al., 2001, 2006; Chiang et al., 2014).

Immunofluorescence staining
Transfected cells were incubated with a high-KCl solution for 5min. The
cells were washed with 1� PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM

Na2HPO4, and 1.47 mM KH2PO4, pH 7.4 with NaOH) and then fixed
with 4% paraformaldehyde (PFA), followed by a wash with 1� PBS for

10min. The cells were permeabilized with
0.1% Triton X-100, followed by three washes
with 1� PBS. The cell-containing coverslips
were transferred onto a Parafilm sheet. Cells
were incubated in blocking buffer [3% normal
donkey serum (Jackson ImmunoResearch,
017000121) and 0.1% Triton X-100 in 1�
PBS] at RT for 1 h. After blocking, the cells
were incubated with primary antibodies [for
Fig. 6A, top: rabbit anti-Syn I (Cell Signaling,
5297) and mouse anti-chromogranin B
(ChB; BD Transduction Lab, 611646); for
Fig. 6A, middle: rabbit anti-Syn I (Cell
Signaling, 5297) and mouse anti-Syp
(Millipore, MAB5258); for Fig. 6A, bottom:
mouse anti-Syp (Millipore, MAB5258) and
rabbit anti-ChB (Synaptic Systems, 259103)]
in blocking buffer at 4°C overnight, followed
by six washes with 1� PBS. Subsequently,
the cells were incubated with secondary anti-
bodies in blocking buffer at RT in the dark
for 1 h, followed by six washes with 1�PBS.
4’,6-diamidino-2-phenylindole (DAPI) was
then added to stain the nuclei at RT in the
dark for 10min. Finally, the coverslips were
mounted onto glass slides with Fluoromount
G (Electron Microscopy Sciences, 17984-25).
Images (1.5-mm z-thickness) were acquired
by laser scanning confocal microscopy (Leica
TCS SP5 or SP8 Spectral). Colocalization
was quantified with MetaMorph software
(Molecular Devices).

Protein-protein interaction (PPI) prediction
Proteins of interest were selected (66 synaptic
proteins) for sequence-based PPI prediction
with the MirrorTree server (http://csbg.cnb.
csic.es/mtserver/, developed by the National
Center for Biotechnology, Computational
Systems Biology Group, Madrid, Spain; Ochoa
and Pazos, 2010).MirrorTree, a computational
server, can be used to predict the possibility of
protein interaction based on assessing the
coevolution of and similarity between two pro-
tein families with 800 residues from 120 spe-

cies, including Homo sapiens, Rattus norvegicus, and many vertebrate
species. Individual protein sequence pairs (Syn Ia and 66 putative Syn
Ia-interacting proteins) were first imported into the MirrorTree server.
The default parameters were used, except for “coverage” [homologs
selection: % identity (�30%), e value (�1e-5), and % coverage (�50%);
orthologs selection: % identity (�30%), and % Gap (�90%)]. The
sequence with the highest identity to the query sequence was selected
from the multiple sequence alignment (MSA). The correlation coeffi-
cients [scoring from 1 (yellow) to 0 (dark blue)] for individual protein
pairs were automatically evaluated according to the standard equation
for PPI prediction, and the possibility of interaction is represented as a
heat map.

Western blot analysis
Transfected cells at 72 h after transfection were incubated with a high-
KCl solution for 1min and further extracted using ice-cold RIPA lysis
buffer [1% NP-40 and 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride (Sigma, P7626), 1 mM sodium orthovanadate (Sigma,
S6508), 10 mM sodium fluoride (Sigma, S7920), and 50 mM HEPES, pH
7.4 supplemented with a protease inhibitor cocktail (Sigma, P2714)], fol-
lowed by centrifugation to acquire the soluble fraction. The cellular pro-
tein lysate (20ml) with 4� sample buffer [final concentration (1�):
62.5 mM Tris-HCl, 2% SDS (Bioshop, SDS001), 10% glycerol (J. T.
Baker, 2136-01), 5% b -mercaptoethanol (Sigma, 3148), 0.002%

Figure 2. The mean open time of fusion pores is regulated by Syn Ia or phosphodeficient Syn Ia mutants. A, A representa-
tive FF event. The shaded region indicates a PSF. B, PSF open time distributions (semi-log plots for the histograms of PSF du-
ration) fitted by a single-exponential decay function, N(t) = N(0)� exp (-t/t ), yielding the mean PSF duration, t (ms); R2,
the goodness of fit. C, Mean PSF duration, t obtained in B. D, E, Mean PSF amplitude and area (events with a peak
amplitude�13 pA). All data are presented as the mean 6 SEM. Numbers in columns indicate event numbers in C or cell
numbers in D, E; pp, 0.05, ppp, 0.01, pppp, 0.001, one-way ANOVA with Student–Newman–Keuls post hoc test;
##p, 0.01 versus Ctrl, two-tailed Student’s unpaired t test. n.s., no significance, one-way ANOVA with Student–Newman–
Keuls post hoc test or two-tailed Student’s unpaired t test.
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bromophenol blue (Sigma, B0126), and 100 mM DTT (Sigma, D0632),
pH 6.8] was further boiled for 5min, electrophoresed on 12% SDS
polyacrylamide gels, and transferred to polyvinylidene fluoride
(PVDF) membranes (Immobilon-P, Millipore). The membranes were
blocked in 3% nonfat milk in TBST (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, and 0.1% Tween 20) at RT for 1 h and then incubated with pri-
mary antibodies [mouse anti-Syn I (Synaptic Systems, 106011, 1:6000
dilution); mouse anti-Syp (Synaptic Systems, 101002, 1:10,000 dilution);
mouse anti-Stx I (Santa Cruz, sc-12 736, 1:8000 dilution); mouse anti-
SNAP-25 (Synaptic Systems, 111011, 1:5000 dilution); mouse anti-Syb
(Synaptic Systems, 104211, 1:100,000 dilution); and mouse anti-a-tubu-
lin (Sigma, T5168, 1:100,000 dilution)] at 4°C overnight. The membranes
were washed three times with TBST and then incubated with secondary
antibodies in 3% milk in TBST at RT for 1 h. Finally, the membranes were
washed three times with TBST. Signals were visualized by enhanced chemi-
luminescence (ECL; Millipore), followed by autoradiography with the
Western Imaging System (ProteinSimple or Analytik Jena UVP). Protein
levels were quantified with ImageJ with background subtraction.

Endogenous coimmunoprecipitation
At 72 h after transfection, the transfected cells were incubated with a
high-KCl solution for 1min and further lysed in ice-cold RIPA buffer,
followed by centrifugation to acquire the soluble fraction (500mg of pro-
tein/500ml of RIPA buffer). The soluble fraction (500ml) was precleared
with 55ml of protein G Sepharose beads [GE Healthcare Life Science, 71-
7083-00; beads have been prewashed twice with ice-cold 1� PBS and
once with ice-cold 1� RIPA buffer (1% NP-40, 150 mM NaCl, 1 mM

EDTA, and 50 mM HEPES, pH 7.4), followed by centrifugation and
resuspension with the same volume of ice-cold 1� RIPA buffer] at 4°C
for 10min. After centrifugation, the supernatant was acquired and incu-
bated with antibody to immunoprecipitate Syn I [1ml of rabbit anti-Syn
I (Cell Signaling, 5297)] at 4°C overnight [or incubated with the same
amount of rabbit IgG (The Jackson Laboratory, 011-000-002) as the neg-
ative control]. The immunoprecipitated complex was further incubated
with 55ml of protein G Sepharose beads (prepared as above) at 4°C for
2 h. After centrifugation, the pellets (;25ml) were acquired and washed
three times with ice-cold 1� PBS, after which trace buffer was removed
using a 27-gauge needle with a syringe. The immunoprecipitates were
boiled with 2� sample buffer (total volume, ;55ml) for 5min. After
centrifugation, 20ml of the sample was loaded for electrophoresis on
SDS polyacrylamide gels and transferred to PVDF membranes for
Western blot analysis using primary antibodies as described above.

PLA
Intact or transfected cells on coated coverslips were washed with 1�
PBS, incubated with a high-KCl solution for 1min, fixed with 4% PFA,
and then washed twice with 1� PBS. The cells were permeabilized with
0.1% Triton X-100, followed by two washes with ice-cold 1� PBS. The
cell-containing coverslips were transferred onto a Parafilm sheet and
quickly washed with ddH2O to remove salts. The cells were stained
according to the protocol of the Duolink PLA Kit. After blocking, cells
were incubated with two primary antibodies [for Fig. 9A1–A3: mouse
anti-Stx I (Santa Cruz, sc-12 736) and rabbit anti-SNAP-25 (Synaptic
Systems, 111002); for Fig. 9A6,A7: mouse anti-Syp (Synaptic Systems,
101011) and rabbit anti-ChB (Synaptic Systems, 259103); for Fig. 9B:
rabbit anti-Syn I (Cell Signaling, 5297) and mouse anti-Syp (Synaptic
Systems, 101011); for Fig. 9D: rabbit anti-Syn I (Cell Signaling, 5297)
and goat anti-Syp (R&D Systems, AF5555)] in the antibody diluent
(PLA kit) at 4°C overnight, followed by two washes with 1� wash buffer
A (0.01 M Tris-HCl, 0.15 M NaCl, and 0.05% Tween 20, pH 7.4).
Subsequently, the cells were incubated with two PLA probes (for Fig. 9A,
B, Sigma DUO92002 and DUO92004; for Fig. 9D, Sigma DUO92002
and DUO92003) in the PLA probe solution at 37°C in the dark for 1 h,
followed by two washes with 1� wash buffer A. The ligation-ligase solu-
tion (for Fig. 9A,B, Sigma DUO92008; for Fig. 9D, Sigma DUO92007)
was added to the samples, which were incubated at 37°C in the dark for
30min. Subsequently, the cells were incubated with the amplification-
polymerase solution (for Fig. 9A,B, Sigma, DUO92008; for Fig. 9D,
Sigma, DUO92007) at 37°C in the dark for 100min, followed by two

washes with 1� wash buffer B (0.2 M Tris and 0.11 M NaCl, pH 7.5). To
counterstain ChB (a DCV marker), after the PLA, the cells were washed
twice in 1� wash buffer B for 10min and rinsed with 1� wash buffer A.
After blocking, the cells were incubated with primary antibody against
ChB (BD Transduction Lab, 611646) in blocking buffer at 4°C for 24 h,
followed by a wash with 1� wash buffer A. Subsequently, the cells were
incubated with secondary antibody (Alexa Fluor 647-conjugated donkey
anti-mouse secondary antibodies; Invitrogen, a31571) in blocking buffer
at RT in the dark for 1 h, followed by a wash with 1� wash buffer A.
Then, cells on coated coverslips were washed with 0.01� wash buffer B
in the dark for 1min. Finally, the coverslips were mounted onto glass
slides with Duolink In Situ Mounting Medium with DAPI (Sigma,
DUO82040). Fluorescence images (1.5-mm z-thickness) were acquired
by laser scanning confocal microscopy (Leica TCS SP5 spectral laser
scanning confocal microscope), with the same imaging conditions used
for all transfected groups. PLA signals and colocalization were quantified
with MetaMorph software. Cellular PLA signals (Fig. 9C) were calcu-
lated by the ratio of the number of fluorescence pixels versus the total
number of pixels in the cell. To quantify colocalization, ratios of the
overlapping signals in each cell (Fig. 9E,F) were calculated by
MetaMorph and further analyzed by Excel and Origin 8.

Statistical analyses
Data are presented as the means with SEMs. Statistical significance among
three groups (Syn Ia and the two Syn Ia mutants) was evaluated by one-
way ANOVA with the Student–Newman–Keuls post hoc test for the para-
metric method or by the Kruskal–Wallis test with the Dunn post hoc test
for the nonparametric method (pp, 0.05, ppp, 0.01, pppp, 0.001).
Statistical significance between two groups (e.g., the Ctrl and Syn Ia-trans-
fected group) was evaluated by two-tailed Student’s unpaired t test as a
parametric method or by the Mann–Whitney method as a nonparametric
method (#p, 0.05, ##p, 0.01, ###p, 0.001 vs Ctrl; InStat 3, GraphPad).

Results
Syn Ia regulates the DCV secretion rate via phosphorylation
To determine whether Syn Ia regulates DCV exocytosis at the
single-vesicle level, we obtained amperometry recordings from
transfected PC12 cells loaded with NE. Upon KCl depolarization,
NE release from individual DCVs was detected as an oxidative
current at the surface of a potentiated CFE (Wang et al., 2001;
Fig. 1A). Owing to the slow secretion rate in PC12 cells, the dy-
namics of individual release events could be resolved in these
amperometric recordings because of their high temporal resolu-
tion. Single transfected cells were recognized by the appearance
of green fluorescence with the aid of the bicistronic vector [con-
trol (Ctrl); wild-type Syn Ia (Syn Ia) for Syn Ia overexpression].
Since Syn Ia phosphorylation regulates SV recruitment, we thus
examined whether Syn Ia also affects DCV release via phospho-
rylation. To do this, we constructed two phosphodeficient Syn Ia
mutants, one phosphodeficient at S62 (Syn Ia-S62A) and one
phosphodeficient at S9, S566, and S603 (Syn Ia-S9,566,603A).
Overexpression was confirmed by examining the Syn Ia mRNA
levels at 72 h after transfection, which were significantly increased
by the transfection of Syn Ia or the phosphodeficient Syn Ia
mutants compared with the levels in the Ctrl group [(fold change)
Ctrl = 1.116 0.49; Syn Ia =1575.096 572.05; Syn Ia-S62A =
1009.86 175.2; Syn Ia-S9,566,603A=1869.56 704.3; Fig. 1B].
Consistently, overexpression of the Syn Ia protein was also verified
by Western blot analysis [(fold change) Ctrl = 1.006 0.27; Syn
Ia =4.036 0.68; Syn Ia-S62A=4.126 0.50; Syn Ia-S9,566,603A=
4.646 0.60; Fig. 7B].

Individual DCV release events were triggered by KCl depola-
rization and observed as the peaks of amperometric traces (Fig.
1C). To examine DCV secretion, we constructed cumulative
events across the recording duration from all cells in various
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transfected groups that were recorded (Fig. 1D). To further
quantify the secretion rate upon KCl depolarization, the plots
showing cumulative events were linearly fitted by separating the
early stage (from 0 to 10 s) and late stage (from 10 to 20 s) of the
recording time [for 0- to 10-s fitting: (in events/s) Ctrl = 0.6176
0.015; Syn Ia = 0.7126 0.015; Syn Ia-S62A = 0.6546 0.016; Syn
Ia-S9,566,603A = 0.3756 0.008; for 10- to 20-s fitting: (in
events/s) Ctrl = 0.4926 0.005; Syn Ia = 0.6136 0.008; Syn Ia-
S62A = 0.506 6 0.013; Syn Ia-S9,566,603A = 0.3346 0.004;
Fig. 1E]. The results showed that Syn Ia overexpression
increased the fitted rates of DCV secretion at the early and
late stages compared with those in the Ctrl group. Instead,
Syn Ia-S62A expression decreased the fitted secretion rates at
the early and late stages compared with those with Syn Ia
expression (to levels to those in the Ctrl group), suggesting
that the Syn Ia-mediated upregulation of DCV release
requires the phosphorylation of Syn Ia at S62. Moreover, at
both stages, Syn Ia-S9,566,603A strongly decreased the fitted
secretion rate by two folds compared with those with Syn Ia
expression or in the Ctrl group, suggesting that DCV secre-
tion in PC12 cells requires the phosphorylation of these resi-
dues of Syn Ia. We also calculated the bulk secretion rate for
individual PC12 cells by computing the event numbers
across the recording time for each cell and then taking the
average over all cells [(in events/s/cell) Ctrl = 0.4936 0.076;
Syn Ia = 0.6006 0.074; Syn Ia-S62A = 0.5356 0.092; Syn Ia-
S9,566,603A = 0.3296 0.050; Fig.1F]. Syn Ia-S9,566,603A
expression significantly decreased the bulk secretion rate
compared with that with Syn Ia expression, suggesting that
phosphodeficiency at these sites may decrease the secretion
rate of DCVs. These findings suggest that Syn Ia regulates
the DCV secretion rate via phosphorylation.

Syn Ia regulates the fusion pore kinetics of DCVs via
phosphorylation
At the initial step of vesicle fusion, a fusion pore connects the
vesicle interior with the extracellular space, allowing vesicles to
undergo two types of fusion events, FF or KR fusion (Wang et
al., 2003a, 2006; Jackson and Chapman, 2008). The PSF, a foot in
the signal preceding the spike, represents transient opening of
the initial fusion pores (Fig. 2A, shaded region; Chow et al.,
1992). To determine whether Syn Ia phosphorylation affects the
opening of these initial pores, we analyzed the PSF characteristics.
First, we constructed the PSF open time distributions (Fig. 2B). By
fitting the PSF open time distributions with a single-exponential
decay function, we acquired the mean PSF duration, t . We found
that Syn Ia overexpression prolonged the mean PSF duration

compared with that in the Ctrl group [(in ms) Ctrl = 1.2096
0.074; Syn Ia= 1.4626 0.059; Syn Ia-S62A=1.1866 0.041; Syn
Ia-S9,566,603A = 1.8936 0.195; Fig. 2C], suggesting that Syn Ia
overexpression stabilizes the open fusion pore. In contrast, Syn Ia-
S62A overexpression reduced the mean PSF duration compared
with that with Syn Ia overexpression, suggesting that phosphodefi-
ciency at S62 destabilizes fusion pore opening. Moreover, Syn Ia-
S9,566,603A overexpression significantly prolonged the mean PSF
duration compared with that in all other groups, indicating that
phosphodeficiency at these sites strongly stabilizes the open fusion
pores. Together, these results suggest that the phosphorylation of
Syn Ia at various sites differentially regulates the stabilization of
open fusion pores. In contrast, the PSF mean amplitude [(in pA)
Ctrl = 1.8006 0.170; Syn Ia=1.6056 0.234; Syn Ia-S62A=1.3976
0.250; Syn Ia-S9,566,603A=1.7046 0.405; Fig. 2D] and PSF area
[(in pA� ms) Ctrl = 2.7486 0.396; Syn Ia=3.6706 0.633; Syn Ia-
S62A=2.9176 0.529; Syn Ia-S9,566,603A=3.6046 0.747; Fig. 2E]
were not significantly different among the groups, suggesting that
Syn Ia or phosphodeficient Syn Ia mutants do not change the flux
or number of NE molecules released through the open fusion pore.
Moreover, little differences in other spike characteristics were
found among the groups [Fig. 3; except for the half-width in Syn
Ia-S62A; peak amplitude: (in pA) Ctrl = 9.066 0.66; Syn Ia=
8.126 0.47; Syn Ia-S62A=7.716 0.46; Syn Ia-S9,566,603A=
9.086 0.71 (Fig. 3A); whole area: (in pA � ms) Ctrl = 58.00 6
.70; Sy n Ia = 54.966 4.20; Syn Ia-S62A = 58.606 3.46; Syn Ia-
S9,566,603A = 58.456 3.76 (Fig. 3B); half width: (in ms)
Ctrl =5.426 0.22; Syn Ia=5.666 0.30; Syn Ia-S62A=6.306 0.32;
Syn Ia-S9,566,603A=5.986 0.39 (Fig. 3C); 35�90% rise time: (in
ms) Ctrl=1.376 0.12; Syn Ia=1.536 0.14; Syn Ia-S62A=1.516
0.10; Syn Ia-S9,566,603A=1.316 0.09 (Fig. 3D); decay time: (in
ms) Ctrl =25.566 1.74; Syn Ia=23.636 1.76; Syn Ia-S62A=
31.726 3.85; Syn Ia-S9,566,603A=28.446 2.15 (Fig. 3E)], suggest-
ing that Syn Ia and phosphodeficient Syn Ia mutants may play a
minor role in the postdilation process of DCV exocytosis.

Two types of fusion events, i.e., FF (PSF followed by spikes;
Figs. 2A, 4A, left) and KR (square or rectangular) events (Fig.
4A, right), have been resolved during DCV exocytosis (Wang et
al., 2006; Chiang et al., 2014). Given that Syn Ia phosphorylation
regulates the DCV secretion rate and stabilization of open fusion
pores, we next determined whether Syn Ia phosphorylation
affects FF or KR events. Previous studies (Wang et al., 2006;
Chiang et al., 2014) suggested that the whole population of exo-
cytotic events (Fig. 1C) can be divided into these two types by a
cutoff peak amplitude of 3.5 pA (Fig. 4). If the mean amplitudes
of KR events are indistinguishable from those of PSF events,
both KR and PSF events are likely generated from the same

Figure 3. Spike characteristics in cells overexpressing Syn Ia or phosphodeficient Syn Ia mutants. A, Peak amplitude. B, Event whole area. C, Half width. D, The 35–90% rise time. E, Decay
time for FF events (events with a peak amplitude�3.5 pA). All data are presented as the mean 6 SEM. Numbers in columns indicate cell numbers; #p, 0.05 versus Ctrl, Mann–Whitney
test. n.s., no significance, Kruskal–Wallis test with Dunn post hoc test or Mann–Whitney test.
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population of fusion pores (Wang et al.,
2006; Chiang et al., 2014). To assess this,
we plotted and fitted scatter plots for
mean KR (or PSF) amplitude versus KR
(or PSF) duration (Fig. 4B,C). Linear fit-
ting of the scatter plots for KR events
showed little correlation, suggesting that
the amplitudes of KR events do not
change over time, corresponding to tran-
sient opening of the fusion pores (Fig.
4B). Similarly, little correlation was found
in the scatter plots for PSF amplitude ver-
sus PSF duration (Fig. 4C). Moreover, the
mean amplitudes of both KR and PSF
events were similar [p. 0.05 for compari-
son in the same transfection group; (in
pA) Ctrl: mean KR event amplitude =
1.096 0.04, mean PSF amplitude =
1.256 0.09; Syn Ia: mean KR event
amplitude = 1.186 0.03, mean PSF
amplitude=1.256 0.08; Syn Ia-S62A:
mean KR event amplitude= 1.096 0.06,
mean PSF amplitude= 1.396 0.15;
Syn Ia-S9,566,603A: mean KR event
amplitude = 0.99 6 0.05 pA, mean
PSF amplitude = 1.416 0.21; Fig. 4B,
C], suggesting that both KR and PSF
events are generated from the same popu-
lation of fusion pores (Wang et al., 2006;
Chiang et al., 2014). Certain fusion pores
dilate to cause full vesicle fusion, yielding
the PSF and subsequent spikes, as demon-
strated in amperometric recordings.
Furthermore, we confirmed that the pop-
ulation of FF events (Fig. 4D) was distinct
from that of KR events (Fig. 4D, insets).
As a result, the amplitude distributions of
KR events for all groups were well fitted
by a single Gaussian distribution (Fig. 4D,
insets), consistent with the data from a
single population. In contrast, the mean
amplitude distributions of FF events were
relatively skewed (Fig. 4D). These results
suggest that the population of KR events
was distinct from that of FF events, as
reported in previous studies (Wang et al.,
2006; Chiang et al., 2014).

To further determine the effects of
Syn Ia phosphorylation on the occur-
rence of FF or KR events, we first ana-
lyzed FF events [(in spikes/s/cell) Ctrl =
0.3306 0.051; Syn Ia = 0.4006 0.059;
Syn Ia-S62A= 0.4146 0.072; Syn Ia-
S9,566,603A=0.2306 0.041; Fig. 5A]
and found no significant difference in
FF frequency. Moreover, we analyzed
the proportion of KR events (XKR;
Ctrl = 0.3726 0.029; Syn Ia = 0.4406
0.033; Syn Ia-S62A=0.5026 0.046; Syn
Ia-S9,566,603A=0.4436 0.041; Fig. 5B).
The XKR with Syn Ia-S62A or Syn Ia-
S9,566,603A expression was similar to
that with Syn Ia overexpression, but the
XKR with Syn Ia-S62A overexpression

Figure 4. Two fusion events for DCV exocytosis in cells overexpressing Syn Ia or phosphodeficient Syn Ia mutants. A,
Representative FF (left) and KR (right) events. t1 (gray) represents the duration from onset to the time when the signal fell
back to the mean value above the 50% peak amplitude. t2 (black) represents the whole duration from onset to the time when
the signal fell back to the baseline. Since the ratio of t1 to t2 is very sensitive to the event shape (KR events with a square
shape exhibit larger t1/t2 ratios than spike-shaped FF events), these t1/t2 ratios can be used to distinguish KR events from FF
events. A cutoff peak amplitude of 3.5 pA was set to separate FF events from KR events (Chiang et al., 2014). B, Scatter plots
of mean KR amplitudes versus duration from individual KR events (dots). R2, coefficient from linear regression (gray). C, Scatter
plots of mean PSF amplitudes versus duration from individual events (peak amplitude�13 pA; dots). R2, coefficient from linear
regression (gray). D, Histograms of the mean amplitudes from individual FF events (�3.5 pA). Insets, Histograms of mean KR
amplitudes from individual KR events fitted as a Gaussian distribution (gray). Mean6 SEM and R2 values from Gaussian distri-
butions are as indicated. Data are from the same datasets as for Figures 1-4. For KR events, n= 320 for Ctrl, 395 for Syn Ia,
274 for Syn Ia-S62A, and 185 for Syn Ia-S9,566,603A. For FF events, n= 607 for Ctrl, 617 for Syn Ia, 387 for Syn Ia-S62A, and
282 for Syn Ia-S9,566,603A.
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was significantly higher than that in the Ctrl group. These results
suggest that Syn Ia phosphorylation may not affect the frequency
of KR events.

To further determine the effects of Syn Ia phosphorylation on
fusion pore kinetics, the rate constants of fusion pore closure (kc)
and dilation (kd) were calculated according to a kinetic model for
fusion pores defined in previous studies [(in ms�1) Ctrl: kc =
0.31, kd = 0.52; Syn Ia: kc = 0.30, kd = 0.38; Syn Ia-S62A: kc =
0.42, kd = 0.42; Syn Ia-S9,566,603A: kc = 0.23, kd = 0.29; Fig. 5C,
D; Wang et al., 2001, 2003b, 2006; Chiang et al., 2014]. As a
result, compared with those in the Ctrl group, Syn Ia overexpres-
sion did not alter the kc but decreased the kd, suggesting that Syn
Ia may reduce the rate of transition from an open fusion pore to-
ward a dilated fusion pore. In contrast, Syn Ia-S62A overexpres-
sion strongly increased the kc compared with that in the Ctrl
group or with Syn Ia overexpression and slightly increased the
kd compared with that with Syn Ia overexpression, suggesting
that Syn Ia-S62A mainly promotes transition of the fusion
pore from the open state toward the closed state. Moreover,
Syn Ia-S9,566,603A overexpression decreased both kc and kd

compared with those in the Ctrl group or with Syn Ia overex-
pression, suggesting that Syn Ia-S9,566,603A may reduce the
rate of fusion pore transition from the open state toward the
closed or dilated state. Given that various phosphodeficient
Syn Ia mutants can differentially regulate these rate con-
stants, Syn Ia phosphorylation may play an important role in
regulating fusion pore kinetics during DCV exocytosis.

The interaction between syn I and endogenous Syp depends
on Syn Ia phosphorylation
Syn Ia has been considered as an SV-specific phosphoprotein, so
the underlying mechanism that controls Syn Ia-mediated regula-
tion of DCV exocytosis requires further exploration. First, to
determine the subcellular localization of Syn I in PC12 cells, we
immunostained Syn I with a DCV marker (ChB) or a general
vesicle marker (Syp) in cells overexpressing Syn Ia or phos-
phodeficient Syn Ia mutants. As expected, Syn I mainly colo-
calized with Syp but colocalized to a lesser degree with ChB
(Fig. 6A, top and middle). To further quantify this colocali-
zation, we calculated the ratio of overlap between Syn I im-
munoreactivity and ChB (or Syp) immunoreactivity. We
found that the ratios of Syn I on DCVs were relatively low
(,20%) compared with those on general vesicles (; 60%;
Fig. 6B; for the ratios indicating overlap between Syn I im-
munoreactivity and ChB immunoreactivity: Ctrl = 14.206 1.79;
Syn Ia= 15.676 2.43; Syn Ia-S62A=18.916 1.74; Syn Ia-
S9,566,603A=15.806 1.90; for the ratios indicating overlap
between Syn I immunoreactivity and Syp immunoreactivity:
Ctrl = 56.496 2.53; Syn Ia=60.796 2.77; Syn Ia-S62A=64.186
3.39; Syn Ia-S9,566,603A=61.306 2.35%). By contrast, Syp
strongly colocalized with ChB (for the ratios indicating overlap
between Syp immunoreactivity and ChB immunoreactivity:
Ctrl = 83.256 1.32; Syn Ia=81.036 0.67; Syn Ia-S62A=79.896
1.14; Syn Ia-S9,566,603A=81.316 1.29%; Fig. 6A, bottom, B),
suggesting that Syp may localize to DCVs. In particular, the ratios
of the Syn Ia-ChB overlap were not different among all transfected
groups (Fig. 6B), suggesting that the localization of Syn Ia to
DCVs is unlikely to occur in a phosphorylation-dependent
manner.

Since little Syn I colocalized with the DCV marker, we
hypothesized that Syn Ia may modulate the kinetics of DCV exo-
cytosis through interacting with certain DCV protein(s).
Presumably, these Syn Ia-interacting protein(s) may be directly
involved in regulating exocytosis and thus rapidly affect DCV
fusion pores by Syn Ia phosphorylation. To explore putative Syn
Ia-interacting protein(s), we performed PPI prediction with the
MirrorTree program (Fig. 6C; Pazos and Valencia, 2001; Ochoa
and Pazos, 2010). In total, the program predicted 66 synaptic
proteins with corresponding correlation coefficients serving as
indexes of the interaction possibility (Fig. 6C). The correlation
coefficients from PPI prediction were further plotted as a heat
map from highest (yellow) to lowest (dark blue). Among the top
5 protein candidates [Regulating synaptic membrane exocytosis
protein 2 (Rims 2), Protein unc-13 homolog D (Unc 13D),
SNARE-associated protein (Snapin), NMDA 3Bs, and Syp; Jahn
et al., 1985; Ilardi et al., 1999; Koch et al., 2000; Chatterton et al.,
2002; Shin, 2014], the only protein on the DCV membrane with
transmembrane domains is Syp (Schilling and Gratzl, 1988;
Winkler, 1997; Berwin et al., 1998; Saegusa et al., 2002). Thus,
Syp was selected as the primary putative Syn Ia-interacting pro-
tein. In addition, since three SNARE proteins also play important
roles in regulating DCV exocytosis (Han et al., 2004; Han and
Jackson, 2006; Chang et al., 2015, 2017), these SNARE proteins

Figure 5. The kinetics of DCV fusion pore regulation by Syn Ia or phosphodeficient Syn Ia
mutants. A, FF frequency from FF events (�3.5 pA). B, Fraction of KR events (XKR) as the ra-
tio of KR event number (2–3.5 pA) versus total event number. For A, B and Figure 1F, cellu-
lar means from the same dataset were used. All data are presented as the mean 6 SEM.
Numbers in columns indicate cell numbers; #p, 0.05 versus Ctrl, Mann–Whitney test. n.s.,
no significance, Kruskal–Wallis test with Dunn post hoc test or Mann–Whitney test. C, A
model of fusion pore kinetics. The rate constant kc represents the rate of fusion pore transi-
tion from an open state toward a closed state, and the rate constant kd represents the rate
of fusion pore transition from an open state toward a dilated state. Both kc and kd were
resolved from the mean PSF duration (Fig. 2C) and XKR (B) using previously reported equa-
tions (t = 1/kc 1 kd; XKR = kc/kc 1 kd; Wang et al., 2001, 2006; Chiang et al., 2014).
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Figure 6. Subcellular localization of Syn Ia and the prediction of putative Syn Ia-interacting proteins. A, Representative immunofluorescence images showing Syn I with a DCV marker (ChB),
Syn I with a general vesicle marker (Syp), or Syp with ChB after KCl depolarization. EGFP (white), transfected cells. Merge, immunoreactivity colocalization (yellow). BF, bright field. Scale bars:
5mm. B, top, The proportion of Syn I immunoreactivity that overlapped ChB immunoreactivity, reflecting the percentage of Syn I that targeted DCVs. Middle, The proportion of Syn I immuno-
reactivity that overlapped Syp immunoreactivity, reflecting the percentage of Syn I that targeted vesicles in general. Bottom, The proportion of Syp immunoreactivity that overlapped ChB im-
munoreactivity, reflecting the percentage of Syp that targeted DCVs. All data are presented as the mean 6 SEM. Numbers in columns indicate cell numbers. n.s., no significance, one-way
ANOVA with Student–Newman–Keuls post hoc test or two-tailed Student’s unpaired t test. C, Correlation coefficients in the heat map predict the possibility of interaction between individual
protein pairs (n= 66) from 1 (yellow) to 0 (dark blue). A red font and an asterisk indicate an interaction with a protein that functions in DCV release.
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may serve as putative Syn Ia-interacting proteins. Notably, the
expression levels (Fig. 7A) of Syp (Ctrl = 1.006 0.08; Syn
Ia= 0.896 0.09; Syn Ia-S62A=0.936 0.11; Syn Ia-S9,566,603A=
1.006 0.07; Fig. 7C) or SNAREs (Stx in Fig. 7D: Ctrl =
1.006 0.01; Syn Ia= 0.856 0.09; Syn Ia-S62A=0.846 0.06; Syn
Ia-S9,566,603A=0.896 0.05; SNAP-25 in Fig. 7E: Ctrl = 1.006
0.15; Syn Ia= 0.966 0.15; Syn Ia-S62A=1.046 0.12; Syn Ia-
S9,566,603A=1.086 0.11; Syb in Fig. 7F: Ctrl = 1.006 0.14; Syn
Ia= 1.026 0.10; Syn Ia-S62A=1.126 0.06; Syn Ia-S9,566,603A=

1.186 0.05) remained unchanged upon the overexpression of Syn
Ia or the phosphodeficient Syn Ia mutants, suggesting that altera-
tion of the Syn Ia phosphorylation state may not alter the expres-
sion levels of these proteins.

To further confirm the results of the prediction, we examined
the interaction between Syn I and the endogenous putative Syn
I-interacting proteins. We performed coimmunoprecipitation
(co-IP) analysis of PC12 cells after 1min of KCl depolarization.
Our results showed that Syn I interacted with Syp in the cell
lysates (Fig. 8A). Moreover, by quantifying changes in the levels
of their interaction because of Syn Ia phosphorylation, we found
that expression of both phosphodeficient mutants (Syn Ia-S62A
and Syn Ia-S9,566,603A) significantly decreased the interaction
of Syn with Syp compared with the expression of Syn Ia [(fold
change relative to Syn Ia) Syn Ia = 1.006 0.06; Syn Ia-
S62A=0.576 0.03; Syn Ia-S9,566,603A=0.586 0.06; Fig. 8A,B].
These results suggest that the Syn I-Syp interaction can be regu-
lated by Syn Ia phosphorylation. In addition, we found that Syn I
interacts with Stx. However, the level of this interaction was not
altered by overexpression of the phosphodeficient Syn Ia
mutants compared with overexpression of Syn Ia [(fold change
relative to Syn Ia) Syn Ia = 1.006 0.23; Syn Ia-S62A=0.656
0.11; Syn Ia-S9,566,603A= 0.716 0.19; Fig. 8C,D], suggesting
that Syn Ia phosphorylation may not affect the Syn I-Stx interac-
tion. Regarding other SNAREs, we occasionally found SNAP-25
(Fig. 8E, one out of four cell lysates) or Syb (Fig. 8F, one out of
five cell lysates) in the coimmunoprecipitates containing Syn I,
and the results with the negative control (Fig. 8G) confirmed
these immunoreactive bands. These data imply that these two
SNAREs may have formed a complex with Syn I by transient or
indirect interaction (Söllner et al., 1993; Edelmann et al., 1995)
under our experimental conditions. Taken together, these find-
ings show that Syn Ia phosphorylation may specifically regulate
the level of the Syn I-Syp interaction.

To further directly examine this interaction in cells, we per-
formed a PLA, which has been used to detect the in situ direct
interaction of two proteins in the same cells (Söderberg et al.,
2008). First, in the positive control sample, Stx and SNAP-25
showed clear PLA signals (Fig. 9A1–A3), consistent with their
direct interaction, as previously reported (Söllner et al., 1993).
Second, in the negative control sample, no PLA signal was
detected in the absence of any primary antibodies (Fig. 9A4,A5).
Moreover, we found PLA signals between Syp and ChB in PC12
cells (Fig. 9A6,A7), supporting the high ratios of Syp colocaliza-
tion with ChB observed by immunofluorescence staining (Fig.
6A,B). Since PLA signals are generated between protein pairs at a
distance ,40nm, these results suggest that Syp may localize to
the DCVmembrane, possibly interacting with ChB in situ.

Next, to confirm that Syn Ia phosphorylation regulates the
level of the Syn Ia-Syp interaction, we detected and quantified
PLA signals between Syn I and Syp in transfected cells (as
observed by EGFP fluorescence) after KCl depolarization (Fig.
9B,C). In comparison with the Ctrl group, cells overexpressing
Syn Ia or the Syn Ia mutants displayed significantly higher PLA
signals between Syn I and Syp [(in %) Ctrl = 1.046 0.19; Syn
Ia= 12.816 2.27; Syn Ia-S62A=9.896 1.52; Syn Ia-S9,566,603A=
6.526 1.20; Fig. 9C]. Moreover, compared with cells overexpress-
ing Syn Ia, cells overexpressing Syn Ia-S9,566,603A displayed
lower PLA signals between Syn I and Syp (Fig. 9C), suggesting
that phosphodeficiency at these residues may profoundly reduce
the level of the interaction between Syn Ia and Syp.

To examine whether the Syn Ia-Syp interaction could be
found on DCVs, we performed immunofluorescence staining to

Figure 7. The expression levels of Syn I, Syp, or SNARE proteins in cells overexpressing
Syn Ia or phosphodeficient Syn Ia mutants. A, Representative blots at 72 h after transfection.
Cell lysates after 1 min of KCl depolarization were used for immunoblotting using antibodies
against Syn I, Syp, Stx, SNAP-25, Syb, or a-tubulin. B–F, Quantitative analysis of protein lev-
els. Data were first normalized to a-tubulin and then to the corresponding Ctrl. Different col-
ored lines show data from individual immunoblots (n= 4). All data are presented as the
mean6 SEM; #p, 0.05, ##p, 0.01 versus Ctrl, two-tailed Student’s unpaired t test. n.s.,
no significance, one-way ANOVA with Student–Newman–Keuls post hoc test or two-tailed
Student’s unpaired t test.
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label ChB after the PLA (Fig. 9D). We
found that the Syn Ia-Syp PLA signals
colocalized with ChB immunoreactivity
(Fig. 9D, right insets, white arrows). By
quantifying the overlap, we found that
in cells overexpressing Syn Ia or the Syn
Ia mutants, a significantly greater popu-
lation of DCVs harbored the Syn I-Syp
PLA signal [(in %) Ctrl = 0.806 0.20;
Syn Ia = 9.806 1.20; Syn Ia-S62A =
9.066 0.60; Syn Ia-S9,566,603A =
7.966 1.03; Fig. 9E], supporting our ob-
servation that Syn Ia and the Syn Ia
mutants could regulate DCV exocytosis.
Moreover, we found high (.50%) and
comparable Syn I-Syp PLA signals local-
ized to DCVs among all groups [except
when the Syn Ia-S62A and Ctrl groups
were compared; (in %) Ctrl = 50.56 6
6.72; Syn Ia=64.376 2.92; Syn Ia-S62A =
69.526 3.92; Syn Ia-S9,566,603A =
60.816 2.41; Fig. 9F], suggesting that
Syn Ia and Syp may interact in situ on
DCVs.

Discussion
In this study, we show that overexpres-
sion of phophodeficient Syn Ia mutants
(especially Syn Ia-S9,566,603A) signifi-
cantly decreased the rate of NE-laden
vesicle secretion in PC12 cells, suggest-
ing that Syn Ia regulates the DCV
secretion rate via phosphorylation.
Moreover, both phophodeficient Syn Ia
mutants regulated the mean PSF dura-
tion and fusion pore kinetics during
DCV exocytosis. We further identified
Syn I-interacting proteins that can
directly regulate DCV exocytosis. From
the PPI prediction results, we selected
Syp and SNAREs as putative Syn I-
interacting proteins. Finally, we con-
firmed that the Syn Ia-Syp interaction is
dependent on Syn Ia phosphorylation
and Syn Ia and Syp may directly interact
on DCVs.

Previous studies have shown that
phosphorylation of the MAPK sites of
Syn Ia decreases Syn Ia binding to SVs
(Chi et al., 2003; Cesca et al., 2010), but
phosphorylation of the CaMK sites
of Syn Ia decreases its binding to both
SVs and actin, specifically through a
marked conformational change in Syn
Ia (Benfenati et al., 1990; Ceccaldi et al.,
1995). Moreover, the binding of Syn Ia
to SVs is relatively sensitive to CaMK-mediated phosphorylation
(Cesca et al., 2010). Similarly, our results from experiments with
two phosphodeficient mutants (S62A at the MAPK site;
S9,566,603A at the CaMK sites) revealed that phosphoryla-
tion of the CaMK sites may also play a relatively profound
role in regulating DCV exocytosis.

The complete fusion of vesicles with the plasma membrane is
termed a FF event. In contrast, a KR event involves transient ves-
icle fusion in which neurotransmitters are partially released, and
then the vesicles reform and finally leave the plasma membrane.
In our kinetic model (Wang et al., 2001, 2003a, 2006; Chiang et
al., 2014), if the kc is high, the opening fusion pore preferentially
enters a state of closure (KR events). In contrast, if the kd is high,
the opening fusion pore preferentially enters a state of dilation

Figure 8. In vivo interaction of Syn I with Syn Ia-interacting proteins. A–F, The interaction levels in cells after 1 min of KCl
depolarization. Syn I was first immunoprecipitated (IP) from lysates, and then the binding of Syn Ia with putative proteins was
determined by immunoblotting (IB). Representative blots showing the interaction of Syn I with Syp (A), Stx (C), SNAP-25 (E),
or Syb (F). B, D, Quantitative analysis of changes in the interaction levels. Different colored lines show data from individual im-
munoblots (n= 5). All data are presented as the mean6 SEM; pp, 0.05, Kruskal–Wallis test with Dunn post hoc test; n.s.,
no significance, one-way ANOVA with Student–Newman–Keuls post hoc test. G, The negative control for IP experiments. The
lysates from cells overexpressing Syn Ia were IP with rabbit immunoglobulin G (IgG). The binding of IgG with putative proteins
was determined by immunoblotting using an antibody against the indicated protein. Input, cell lysates after 1 min of KCl depo-
larization were used for immunoblot analysis.
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(FF events). Syn Ia-S62A overexpression increased both the kc
and kd compared with those upon Syn Ia overexpression (Fig.
5C); however, Syn Ia-S62A overexpression did not increase the
frequency of KR events compared with that upon Syn Ia overex-
pression (Fig. 5B). Given that XKR is calculated as kc/(kc 1 kd),

these results may be because the increase in the sum of kc and kd
is similar to the increase in kc alone, leaving the ratio of kc versus
kc and kd (XKR) unchanged. In addition, the decreased mean PSF
duration upon Syn Ia-S62A overexpression is consistent with the
inverse of the increased sum of kc and kd. In contrast, the

Figure 9. The in situ interaction between Syn I and Syp on DCVs. Individual fluorescent spots (red) represent in situ PPIs detected by the PLA. ChB, green; DAPI, blue; BF, bright field. Scale
bars: 5mm. A1–A3, The interaction of Stx with SNAP-25 in intact cells. A2, A3, The yellow box in A1. A3, The interaction of Stx with SNAP-25 detected by PLA (white arrows). A4, A5, No PLA
signal was detected in the absence of primary antibodies. A6, A7, The interaction of Syp with ChB in intact cells. B–F, The interaction of Syn I with Syp in transfected cells. B, The PLA signals
showed the interaction of Syn I with Syp in cells overexpressing Syn Ia or phosphodeficient Syn Ia mutants after 1 min of KCl depolarization. C, The ratio of the PLA signal in the cell, reflecting
the level of Syn I-Syp interaction in individual transfected cells; pp, 0.05; n.s., no significance, Kruskal–Wallis test followed by Dunn post hoc test; ###p ,0.001, two-tailed Student’s
unpaired t test (Syn I versus Ctrl; Syn I-S62A versus Ctrl) or Mann–Whitney test (Syn I-S9,566,603A versus Ctrl). D, Syn I-Syp PLA signals on DCVs. Magnified signals (white arrows) on the right
indicates the colocalization of PLA signals and ChB. The protein pairs were first detected by PLA, after which the cells were immunostained with an antibody against ChB. E, The ratio of DCVs
harboring the Syn I-Syp PLA signal. n.s., no significance, one-way ANOVA with Student–Newman–Keuls post hoc test; ###p,0.001 versus Ctrl, two-tailed Student’s unpaired t test. F, The ra-
tio of Syn I-Syp PLA signal to DCVs. n.s., no significance, one-way ANOVA with Student–Newman–Keuls post hoc test; #p,0.05 versus Ctrl, two-tailed Student’s unpaired t test. For C, E, F, all
data are presented as the mean6 SEM. Numbers in columns indicate cell numbers. Circles indicate data from individual cells.
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increased mean PSF duration upon Syn Ia-S9,566,603A overex-
pression is because of a decreased sum of kc and kd compared
with that with Syn Ia. The KR frequency (XKR) with Syn Ia-
S9,566,603A remained similar to that with Syn Ia, mainly
because of the similar decrease in kc or kd, which resulted in no
change in the ratio of KR frequencies with Syn Ia-S9,566,603A.
These results also suggest that phosphorylation at various sites
may differentially regulate fusion pore kinetics during DCV exo-
cytosis. In our study, we found that phosphodeficiency at these
CaMK sites (rather than at S62) significantly reduced the in situ
interaction between Syn I and Syp. Recently, Syn I was found to
harbor a C-terminal intrinsically disordered region (IDR), which
captures small lipid vesicles by forming a distinct liquid conden-
sate that is dispersed upon CaMKII-mediated phosphorylation
(Milovanovic et al., 2018). Hence, further investigation of the
partners that bind the IDR of Syn I could advance our under-
standing of the mechanisms that control Syn Ia-mediated regula-
tion of DCV exocytosis.

Among the top five protein candidates from the PPI predic-
tion results, we identified Syp as the primary Syn Ia-interacting
protein involved in the regulation of DCV exocytosis via phos-
phorylation. First, Syp has been suggested to regulate neuro-
transmitter release because of its abundant expression in pre-
SVs, anchoring the vesicle membrane through four transmem-
brane domains (Jahn et al., 1985; Thomas et al., 1988). Second,
with the abundant expression of Syp in presynaptic terminals,
the integral membrane domains of Syp can form a hexameric
channel-like structure (Thomas et al., 1988; Gincel and Shoshan-
Barmatz, 2002), implying that Syp may be involved in the regula-
tion of vesicle fusion. Third, Syp has been found in both SVs and
DCVs (Jahn et al., 1985; Liu et al., 1994; Winkler, 1997; Berwin
et al., 1998; Saegusa et al., 2002; Wheeler et al., 2002; Lukinius et
al., 2003). In addition, Syp-lipid interactions contribute to the
biogenesis of SVs (Thiele et al., 2000). Despite these findings, the
function of Syp in regulating DCV exocytosis has remained elu-
sive. In this study, we found that Syn Ia can regulate DCV exocy-
tosis via phosphorylation and have further provided evidence of
the phosphorylation-dependent Syn I-Syp interaction on DCVs.
Moreover, our PLA data suggest that Syp may directly interact
with ChB in situ. Thus, by modulating the Syn I-Syp interaction
on DCVs, Syn Ia phosphorylation may dynamically regulate
DCV exocytosis, serving as a molecular basis underlying the co-
release of SVs and DCVs.

In addition to Syp, other synaptic proteins may also interact
with Syn Ia. For example, Rims 2, the effector of a group of small
GTPases (Ras-related protein Rab), mainly regulates the priming
of SVs (Koushika et al., 2001; Stevens et al., 2011). NMDA 3B, a
postsynaptic receptor protein, may also interact with Syn Ia.
However, Rims 2 and NMDA 3B were clearly not putative Syn
Ia-interacting proteins that mediate DCV exocytosis in our
experiment because of their failure to localize to DCVs. The Unc
13 family (Unc 13A-D) also plays important roles in the first part
of the priming step, rather than docking or fusion during DCV
exocytosis (Augustine et al., 1999; Richmond et al., 1999; Ashery
et al., 2000; Man et al., 2015). Unc13D is abundantly expressed
in the lung, spleen, and testis and classified as a nonneuronal iso-
form of the Unc 13 family (Koch et al., 2000; Man et al., 2015).
Thus, Unc13D is not thought to play a functional role in neuro-
nal exocytosis. Snapin, a cytosolic protein, can bind SNAP-25 via
phosphorylation (Chheda et al., 2001). Most studies have shown
that Snapin can enhance the interactions of SNAREs and
Synaptotagmin I and thus plays an important role in the priming

step (Ilardi et al., 1999; Stevens et al., 2011) but not the fusion
step during exocytosis (Vites et al., 2004).

Here, we also show that Syn I can interact with Stx, but this
interaction is not dependent on Syn Ia phosphorylation. In addi-
tion, we occasionally detected the interaction of Syn I with
SNAP-25 or Syb, suggesting a relatively transient or indirect
interaction under our experimental conditions. For comparison
with the results from our amperometry recordings, we harvested
cells after KCl depolarization for all biochemical assays. KCl
depolarization may preferentially increase the number of cis-
SNARE complexes (postfusion) over trans-SNARE complexes
(prefusion; Söllner et al., 1993; Edelmann et al., 1995; Malsam et
al., 2020). The residues in SNAP-25 and Syb that interact with
Syn Ia may be concealed in the cis-SNARE complex, masking the
discovery of their interaction with Syn Ia. How the interactions
between Syn Ia and SNAREs are important for regulating DCV
exocytosis requires further investigation. In summary, exploring
the mechanisms underlying the Syn Ia-mediated regulation of
DCV exocytosis would advance our understanding of the func-
tions of the nervous system.
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