
Cellular/Molecular

Synaptotagmin-11 Inhibits Synaptic Vesicle Endocytosis via
Endophilin A1

Yalong Wang,1,2p Ying Zhu,3,4p Wanru Li,2 Shuxin Yan,2 Chao Li,3,4,5 Kunpeng Ma,1 Meiqin Hu,6 Cuilian Du,2

Lei Fu,7 Jianyuan Sun,1,2,3,4 and Claire Xi Zhang2,7
1Brain Cognition and Brain Disease Institute, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences; CAS Key Laboratory of Brain
Connectome and Manipulation; Shenzhen-Hong Kong Institute of Brain Science-Shenzhen Fundamental Research Institutions, Shenzhen, Guangdong 518055,
China, 2Beijing Institute of Brain Disorders, Laboratory of Brain Disorders, Ministry of Science and Technology, Collaborative Innovation Center for Brain
Disorders, Capital Medical University, Beijing, 100069, China, 3State Key Laboratory of Brain and Cognitive Sciences, Institute of Biophysics, Chinese Academy
of Sciences, Beijing, 100101, China, 4University of Chinese Academy of Sciences, Beijing, 100049, China, 5Key Laboratory of RNA Biology, Institute of
Biophysics, Chinese Academy of Sciences, Beijing, 100101, China, 6Department of Molecular, Cellular, and Developmental Biology, University of
Michigan, Ann Arbor, Michigan 48109, and 7Academy of Pharmacy, Xi’an Jiaotong-Liverpool University, Suzhou, Jiangsu 215123, China

Synaptic vesicle (SV) endocytosis is a critical and well-regulated process for the maintenance of neurotransmission. We previ-
ously reported that synaptotagmin-11 (Syt11), an essential non-Ca21-binding Syt associated with brain diseases, inhibits neu-
ronal endocytosis (Wang et al., 2016). Here, we found that Syt11 deficiency caused accelerated SV endocytosis and vesicle
recycling under sustained stimulation and led to the abnormal membrane partition of synaptic proteins in mouse hippocam-
pal boutons of either sex. Furthermore, our study revealed that Syt11 has direct but Ca21-independent binding with endophi-
lin A1 (EndoA1), a membrane curvature sensor and endocytic protein recruiter, with high affinity. EndoA1-knockdown
significantly reversed Syt11-KO phenotype, identifying EndoA1 as a main inhibitory target of Syt11 during SV endocytosis.
The N-terminus of EndoA1 and the C2B domain of Syt11 were responsible for this interaction. A peptide (amino acids 314-
336) derived from the Syt11 C2B efficiently blocked Syt11–EndoA1 binding both in vitro and in vivo. Application of this pep-
tide inhibited SV endocytosis in WT hippocampal neurons but not in EndoA1-knockdown neurons. Moreover, intracellular
application of this peptide in mouse calyx of Held terminals of either sex effectively hampered both fast and slow SV endocy-
tosis at physiological temperature. We thus propose that Syt11 ensures the precision of protein retrieval during SV endocyto-
sis by inhibiting EndoA1 function at neuronal terminals.

Key words: endophilin; synaptic vesicle; endocytosis; synaptotagmin

Significance Statement

Endocytosis is a key stage of synaptic vesicle (SV) recycling. SV endocytosis retrieves vesicular membrane and protein compo-
nents precisely to support sustained neurotransmission. However, the molecular mechanisms underlying the regulation of SV
endocytosis remain elusive. Here, we reported that Syt11-KO accelerated SV endocytosis and impaired membrane partition of
synaptic proteins. EndoA1 was identified as a main inhibitory target of Syt11 during SV endocytosis. Our study reveals a novel
inhibitory mechanism of SV endocytosis in preventing hyperactivation of endocytosis, potentially safeguarding the recycling
of synaptic proteins during sustained neurotransmission.

Received June 29, 2021; revised May 12, 2023; accepted June 2, 2023.
Author contributions: Y.W., J.S., and C.X.Z. designed research; Y.W., Y.Z., W.L., S.Y., and M.H. performed

research; Y.W., Y.Z., C.L., K.M., and C.D. analyzed data; Y.W., Y.Z., J.S., and C.X.Z. wrote the first draft of the
paper; C.L., K.M., and L.F. contributed unpublished reagents/analytic tools; L.F., J.S., and C.X.Z. edited the
paper; L.F., J.S., and C.X.Z. wrote the paper.
This study was supported by National Natural Science Foundation of China 31471085 to C.X.Z., and U20A6005 and

31527802 to J.S.; SIP High-Quality Innovation Platform for Chronic Diseases YZCXPT2022203 to L.F. and C.X.Z.; National
Basic Research Program of China 2013CB835100 to J.S.; Instrument Development Project CAS YJKYYQ20180028 to J.S.; Key
Research Program of Frontier Sciences CAS QYZDYSSW-SMC015 to J.S.; STI2030-Major Projects 2021ZD0202500 to J.S.;

Shenzhen Infrastructure for Brain Analysis and Modeling 202100105 to J.S.; and China Postdoctoral Science Foundation
2021M693297 to Y.W. We thank Prof. Xiaomin Wang and Dr. Lin Dong for valuable suggestions and technical support.
*Y.W. and Y.Z. contributed equally to this work.

The authors declare no competing financial interests.

Correspondence should be addressed to Jianyuan Sun at jy.sun1@siat.ac.cn or Claire Xi Zhang at
Xi.Zhang@xjtlu.edu.cn.
https://doi.org/10.1523/JNEUROSCI.1348-21.2023

Copyright © 2023 the authors

6230 • The Journal of Neuroscience, September 6, 2023 • 43(36):6230–6248

mailto:jy.sun1@siat.ac.cn
mailto:Xi.Zhang@xjtlu.edu.cn


Introduction
In synapses, sustained neurotransmission demands robust
synaptic vesicle (SV) exocytosis, which is supported by active
and precise vesicle recycling (Saheki and De Camilli, 2012).
Terminals develop complex endocytosis mechanisms to
maintain the integrity of synaptic structures, clear the release
sites, and ensure the replenishment of vesicle pools (Wu
et al., 2014; Lou, 2018). Multiple endocytic modes, such as
clathrin-mediated endocytosis (CME), bulk endocytosis,
“kiss-and-run”, and fast and ultrafast endocytosis, have been
proposed to retrieve the components of SVs, including mem-
branes and proteins from synaptic membrane in a synapse-
specific manner (Smith et al., 2008; Soykan et al., 2016;
Watanabe and Boucrot, 2017; Milosevic, 2018). In addition,
different synaptic proteins use distinct sorting pathways
(Koo et al., 2011, 2015; Kononenko et al., 2013; Kaempf et
al., 2015) and vesicle size is well controlled (Zhang et al., 1998;
Shimizu et al., 2003). SV endocytosis is also tightly regulated by
both positive and negative regulators. Many regulators have been
reported to facilitate SV endocytosis, including Ca21 (Yamashita,
2012; Leitz and Kavalali, 2016), calmodulin (Wu et al., 2009), calci-
neurin (Wu et al., 2014), Syt1 (Poskanzer et al., 2003; Yao et
al., 2012; Li et al., 2017), SNARE proteins (Deak et al., 2004;
Diao et al., 2013; Xu et al., 2013), and flower (Yao et al., 2009),
while inhibitory mechanisms have rarely been revealed (Smith
et al., 2008; Leitz and Kavalali, 2016; Wang and Zhang, 2017).
We previously discovered that Syt11 inhibits multiple endocytic
pathways in neurons and hypothesized that it functions to safe-
guard the precision of endocytosis (Wang et al. 2016). However,
some pieces of evidence for this hypothesis are yet to be revealed
and the molecular mechanism underlying Syt11 inhibition is
unknown.

Syt11 is associated with schizophrenia (Inoue et al., 2007) and
Parkinson’s disease (Huynh et al., 2003; Glass et al., 2004;
Pihlstrom et al., 2013; Bento et al., 2016; Sesar et al., 2016; Wang
et al., 2018) and is essential for development and synaptic plastic-
ity (Shimojo et al., 2019). Syt11 mRNA (Mittelsteadt et al., 2009)
and protein (Shimojo et al., 2019) are abundant in most brain
areas. It is composed of a short luminal N-terminus, a trans-
membrane domain, and a linker region followed by two evolu-
tionarily conserved cytoplasmic domains (C2A and C2B). A
permutation in Syt11-C2A at position 247 from aspartate to ser-
ine abolishes its Ca21-dependent phospholipid binding (von
Poser et al., 1997). We reported that in Syt11-knockdown (KD)
DRG neurons, both CME and bulk endocytosis accelerate, with
increased endocytic sites on the plasma membrane (Wang et al.,
2016). The endocytosed vesicle size remains unaffected. In the
KD terminals of hippocampal neurons, SV endocytosis revealed
by FM4-64 uptake and discharge is also enhanced, but the
kinetics of stimulus-coupled exocytosis is unchanged. In vivo
experiments have shown that overexpression of Syt11 in the sub-
stantia nigra pars compacta impairs ipsilateral striatal dopamine
release by inhibiting endocytosis, leading to the degeneration of
dopaminergic neurons and progressive contralateral motor
abnormalities (Wang et al., 2018). Here we show that Syt11 func-
tions in SV endocytosis and assess its impact on the partition of
synaptic proteins. We identify EndoA1 as a protein directly
interacting with Syt11. The physiological function of the Syt11–
EndoA1 interaction is demonstrated by an inhibitory effect on
SV endocytosis in both hippocampal and calyx of Held terminals
through a competing peptide derived from the C2B domain of
Syt11.

Materials and Methods
Animals. The floxed Syt11 knock-in mice were purchased from

The Jackson Laboratory (stock #008294 and strain name B6;129-
Syt11tm1Sdu/J). The generation of this mouse strain was reported
by Shimojo et al. (2019). Genotyping for this strain was performed
by PCR with the specific oligonucleotide primers 59-AATCTCA
GCACTCAGGAGTCAG-39 (forward) and 59-CTCTTGCTTACT
GATTGGCAGC-39 (reverse).

This study was performed in strict accordance with the recommen-
dations in the Guide for the care and use of laboratory animals of the
National Institutes of Health. All the animal experimental procedures
were approved by the Ethics Committee on Animal Care and Use of
Capital Medical University.

Plasmids. Rat synaptotagmin-11 (AF000423) without the N terminus
and transmembrane domain (37-428) was subcloned into the pGEX4T2
vector for GST-Syt11 protein purification. Other truncated forms of
Syt11, linker (37-156), Dlinker (157-428), C2A (157-290), DC2A (37-156
and 291-428), C2B (291-428), and DC2B (37-290), and the C2B muta-
tions [GST-PP1-3 (291-359), GST-PP4-6 (360-428), GST-PP3-6 (336-
428), GST-PP2-6 (314-428), and GST-PP1-2 (291-335)] used the same
vector. The 6xHis tag was added to the N-terminus of full-length
EndoA1 (1-352), D Src homology 3 (SH3) (1-293 and 348-352),
and SH3 (293-347) separately, which were subcloned into the
pET28a vector for His-tagged protein expression and purification.

Three-myc tagged full-length Syt11 (AF000423) was subcloned into
pcDNA3.1. GFP-EndoA1, Syb2-pHluorin, and Syt1-pHluorin were kind
gifts from Prof. Peter S McPherson, Prof. James E. Rothman, and Prof.
Gero Miesenbock. The plasmids for mouse endophilin A1 silencing
were constructed by inserting 59-GCTCGATGATGACTTCAAA-39
(shRNA1) and 59-GGGCTAAGCTCAGTATGAT-39 (shRNA2) into the
pLKD-CMV-eGFP-U6-shRNA vector, while the nontargeting sequence
59-TTCTCCGAACGTGTCACGT-39 served as a control. All the con-
structs were confirmed by DNA sequencing.

Antibodies and chemicals. The primary antibodies used for Western
blotting were anti-synaptotagmin 11 (270003, Synaptic Systems), anti-cla-
thrin heavy chain (610499, BD Transduction Laboratories), anti-AP2
a-adaptin (610501, BD Transduction Laboratories), anti-dynamin
1 (2441931, Millipore), anti-caveolin 1 (N-20) (sc-894, Santa Cruz
Biotechnology), anti-synapsin 1 (106011, Synaptic Systems), anti-
synaptotagmin 1 (105103, Synaptic Systems), anti-synaptophysin 1
(101011, Synaptic Systems), anti-synaptobrevin (104211, Synaptic
Systems), anti-a-synuclein (610787, BD Transduction Laboratories),
anti-b -actin (A1978, Sigma), anti–voltage-dependent anion channel
(4866, Cell Signaling), anti-GAPDH (G8795, Sigma), anti-transferrin recep-
tor (TfR, ab84036, Abcam), anti-TGN46 (ab16059, Abcam), anti-Na1/K1-
ATPase a1 antibody (C464.6) (sc-21 712, Santa Cruz Biotechnology),
anti-SNAP25 (111011, Synaptic Systems), anti-endophilin (D-3) (sc-
48378, Santa Cruz Biotechnology), and anti-c-Myc (sc-789 and sc-40,
Santa Cruz Biotechnology).

The antibodies for immunofluorescence were anti-dynamin 1
(2441931, Millipore), anti-synapsin 1 (106011, Synaptic Systems),
anti-synaptobrevin 2 (104211, Synaptic Systems), anti-c-Myc (sc-
789 and sc-40, Santa Cruz Biotechnology; 2272S, CST), and anti-
EndoA1 (65169S, CST).

The antibodies for immunoprecipitation assays were mouse nor-
mal IgG (12-371, Millipore), rabbit normal IgG (12-370, Millipore),
anti-GFP (598, MBL), anti-c-Myc (sc-789 and sc-40, Santa Cruz
Biotechnology; 2272S, CST), and anti-endophilin A1 (G-8) (sc-
46 702, Santa Cruz Biotechnology).

All chemicals were from Sigma unless otherwise noted.
Primary hippocampal neuron culture and plasmid transfection.

Primary cultured hippocampal neurons were prepared from newborn
mice of either sex within 24 h of experiments. The cells were plated on
poly-D-lysine-coated 24-well plates for immunofluorescence or 25
mm coverslips for live-cell imaging. Cells were plated with DMEM
containing 10% FBS for 4 h, and then the medium was switched to
Neurobasal-A supplemented with 2% B-27, 0.5 mM L-glutamax, and
1% v/v penicillin/streptomycin. The neurons were transfected on
DIV5 using Lipofectamine 2000 according to the manufacturer’s
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instructions with minor modifications. Half of the volume of culture
medium was removed and saved. One microliter of Lipofectamine
2000 in 25ml of Neurobasal-A and 1mg of DNA in 25ml of
Neurobasal-A were incubated separately for 5 min, then mixed and
incubated for 30 min at room temperature. This mixture was added
to the cells. After 4 h incubation at 37°C under 5% CO2, the medium
was replaced with the previously saved medium and an equal vol-
ume of fresh medium. For FM4-64 and pHluorin experiments, the
cells were transfected with 5ml of Lipofectamine 2000 in 125ml of
Neurobasal-A and 4mg of DNA in 125ml of Neurobasal-A in 6-well
plates.

Immunofluorescence and confocal imaging. Myc-Syt11-IRES2-BFP
plasmid was transfected into hippocampal neurons for colocalization
analysis as no specific commercial antibody for Syt11 immunocytochem-
istry is available. The overexpression level of myc-Syt11 was estimated
by a lentivirus-mediated expression system and a ;70% increase over
the endogenous level was detected. Neurons at DIV12 were washed once
with cytobuffer (in mM as follows: 50 MES, pH 6.1, 5 MgCl2, 3 EGTA, 5
glucose), and then fixed in freshly prepared 4% PFA for 40 min at room
temperature. To quench any auto-fluorescence, the cells were washed
twice for 10 min each with 1mg/ml NaBH4 in TBS (in mM as follows: 20
Tris, pH 7.5, 154 NaCl, 2 EGTA, 2 MgCl2). The cells were then permeab-
ilized and blocked with TBS containing 2% BSA and 0.02% saponin (0.5
ml/well) for 1.5 h. After incubation with primary antibodies overnight at
4°C, the cells were washed 3 times with TBS, and then incubated for 1 h
with secondary antibodies. After three washes with TBS, the cells were
mounted on slides with mounting medium containing 50% DAPI. The
cells were scanned under a Leica TCS SP8 confocal microscope with a
63� objective and 2.5� digital zoom. The colocalization images were
analyzed using the Pearson’s coefficient plug-in in NIH ImageJ software.

Lentivirus infection, live-cell imaging, and image analysis. Lentiviruses
for Syt11 KO were prepared by transfecting HEK293T cells with the
pFUGW plasmid, which encodes the EGFP followed by a nuclear local-
ization signal (NLS) and cre recombinase sequence (EGFP-NLS-CRE),
and three helper plasmids (pRev, pRRE, and pVSVG) (a kind gift from
Prof. Chen Zhang of Capital Medical University). For lentivirus packag-
ing, plasmids of cre/Dcre/shRNA for EndoA1 (12mg), RRE (4mg), Rev
(4mg), and VsVg (4mg) were mixed well; and 900ml opti-MEM and
48ml PEI (1mg/ml) were added. The mixture was incubated at room
temperature for 30 min, and transferred drop-wise to HEK293T cells in
a 10 cm dish. After 24 h, the medium was replaced with 10 ml neuron
growth medium; and after another 48 h, lentivirus was collected in the
supernatant by spinning the medium at 3000 � g for 5 min. For neuro-
nal cultures in 6-well plates, 300ml virus per well was added to neurons
at DIV4-DIV5. The neurons were further cultured for at least 7 d before
use.

To record FM4-64 uptake and discharge, neurons at DIV12-DIV14
were washed in 1 ml cytobuffer (in mM as follows: 150 NaCl, 5 KCl, 2.5
CaCl2·2H2O, 1 MgCl2·6H2O, 10 HEPES, pH 7.4, 10 glucose), and incu-
bated with 20 mM FM4-64 and 100 mM K1 for various times at 37°C.
The cells were washed 3 times in cytobuffer for 60 s each to remove free
dye. Before imaging, the cells were bathed in prewarmed cytobuffer con-
taining 50 mM AP-5 and 10 mM CNQX to block glutamate signaling dur-
ing stimulation. The FM4-64 signal was recorded by spinning disk
confocal microscopy (Olympus, IX83) through a 60� oil-immersion
lens. To unload the FM4-64 dye, we used 800 action potentials (APs) at
40Hz. The fluorescence changes at each bouton were visualized at 514
nm excitation and 694 nm emission. Image acquisition started 20 s
before stimulation at 1 s intervals and lasted for 80 s.

For the pHluorin kinetics recording, Syt1/Syb2-pHluorin transfected
neurons at DIV14 were bathed in cytobuffer (in mM as follows: 150
NaCl, 5 KCl, 2.5 CaCl2·2H2O, 1 MgCl2·6H2O, 10 HEPES, pH 7.4, 10 glu-
cose) supplied with AP-5 (50 mM) and CNQX (10 mM). Images were cap-
tured at 1 s intervals for 20 s to establish a stable baseline. Then neurons
were stimulated with 500 pulses delivered at 10Hz via two parallel plati-
num wires embedded in the imaging chamber. Data were analyzed with
ImageJ and plotted by GraphPad Prism 5.

To estimate the cell surface fraction of Syt1/Syb2-pHluorin, neurons
were cotransfected with cre/Dcre and pHluorin-tagged protein and

cultured to DIV12-DIV14. The cells were first washed with 1 ml imaging
buffer (in mM as follows: 136 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 10 glu-
cose, 10 HEPES, pH 7.4) and then bathed in 1 ml prewarmed imaging
buffer. The surface fraction was quenched by perfusing with acidic imag-
ing buffer (pH 5.5) for 30 s, followed by standard imaging buffer (pH
7.4) to determine the recovery ratio by SV recycling. Finally, NH4Cl was
applied for 30 s to excite the total immunofluorescence intensity of
pHluorin. Ten image frames were acquired at each stage at 2 s intervals
to record the immunofluorescence intensity of pHluorin proteins.

For FM or pHluorin analysis, a 2-mm-diameter ROI was drawn on
presynaptic boutons, and the peak fluorescence value of individual ROI
was exported to Microsoft Excel for analysis by plotting z axis profiles
with ImageJ.

Synaptosome extraction. Synaptosomes were extracted from rat brain
of either sex as in Dunkley et al. (2008). Briefly, rat cortex was isolated
and lysed by a glass homogenizer. Two milliliters of different concentra-
tions of Percoll (23%, 15%, 10%, and 3%) were layered into a centrifuge
tube. The 2 ml cortical lysate (4-5mg/ml) was laid on top of the 3%
Percoll. After centrifugation (fixed angle rotor JA-20; Beckman) at
20,000 rpm for 8min at 4°C, the proteins separated into five visible frac-
tions (F1-F5). The same volume of each fraction was processed for
Western blot (WB).

For WB, samples were run on a 10% SDS-PAGE gel and transferred
to a nitrocellulose filter membrane. The membrane was blocked for 1 h
with 5% nonfat dried milk (w/v) prepared in PBST (in mM as follows:
135 NaCl, 2.7 KCl, 1.5 KH2PO4, 8 K2HPO4, pH 7.2, 0.05% (v/v) Tween
20). After washing in PBST, the membrane was incubated with primary
antibody in PBST containing 2% BSA at 4°C overnight. After three
washes in PBST, secondary antibody was applied at room temperature
for 1 h. After three washes in PBST, the membrane was scanned with an
Odyssey infrared imaging system (LI-COR Biosciences).

Membrane protein preparation. Extraction of plasma membrane
proteins followed the instructions in the Qproteome Plasma Membrane
Protein Handbook, QIAGEN (37601). Briefly, the cells were washed
with PM buffer and lysed with PL buffer. After centrifugation, the super-
natant was collected to interact with PBL ligands. The bound proteins
were pulled down by magnetic beads and processed for WB detection.

Immunoprecipitation. HEK293T cells cultured in 10 cm dishes were
cotransfected with GFP-tagged proteins and 3�myc-tagged proteins.
After 48 h of transfection, the cells were lysed with 1 ml lysis buffer (in
mM as follows: 20 Tris, pH 7.5, 150 NaCl, 1 EDTA, 1 PMSF, 1x protease
inhibitors, and 1% Triton X-100). Samples were sonicated on ice and
rotated at 4°C for 1 h for thorough lysis. After centrifugation for 15 min
at 20,000 � g at 4°C, the supernatant was collected and precleared for
1 h at 4°C with 20ml 50% Protein A/G agarose beads to reduce nonspe-
cific binding. The lysate was then incubated with 4mg primary antibody
overnight at 4°C. Fifty microliters of protein A/G agarose beads were
added and incubated for 1 h at 4°C. The beads were washed 5 times in
500ml lysis buffer, and the bound proteins were released by SDS loading
buffer and processed for WB.

For immunoprecipitation with mouse brain samples, 5mg total pro-
teins were precleared for 1 h with 50ml 50% Protein A/G agarose beads
in 1 ml buffer. Other procedures were as described above.

Expression and purification of recombinant proteins. GST or 6�His-
tag protein plasmids were transfected into BL21 cells, and protein expres-
sion was induced with 0.2 mM IPTG for 5 h at 25°C. The bacterial pellets
from 200 ml culture medium were suspended with 10 ml lysis buffer (in
mM as follows: 50 NaH2PO4, 300 NaCl, pH 8.0) containing 1mg/ml lyso-
zyme, 1� protease inhibitor, and 1 mM PMSF. The cells were lysed for 30
m on ice and sonicated. To extract GST proteins, the centrifuged superna-
tant was incubated with 200ml glutathione Sepharose beads (17-0756-01,
GE Healthcare) at 4°C for 5 h. After three washes in PBS, the GST-tagged
proteins on beads were used for GST pull-down experiments. To purify
His-tag proteins, the centrifuged supernatant was incubated with 1 ml
His-tag purification resin at 4°C for 1 h. The lysate was transferred to an
Ni column, and washed 3 times with washing buffer (in mM as follows: 50
NaH2PO4, 300 NaCl, 2 imidazole, pH 8.0). The bound proteins were
eluted with elution buffer (in mM as follows: 50 NaH2PO4, 300 NaCl, 50
imidazole, pH 8.0).
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Figure 1. Syt11-KO accelerates endocytosis in hippocampal neuron terminals without affecting exocytosis. A, WBs of primary cultured hippocampal neurons from floxed Syt11 knock-in mice
treated with cre or Dcre-expressing lentivirus. Syt11 was efficiently knocked out, while other endocytic and synaptic proteins, such as dynamin 1, EndoA1, Syt1, Syt4, and Syb2, were unaf-
fected. B, Quantification of Syt11 protein levels as in A. The KO efficiency was 94.3% from three independent experiments. N¼ 3 biological replicates. C, Protocol for measuring the discharge-
able FM4-64 in D-G. Arrow indicates onset of image acquisition. D, Representative images of FM4-64 dye loading by 100 mM K1 and unloading by a train of 800 APs at 40 Hz. Arrows indicate
exocytosis events. Scale bars, 5mm. E, Time course of FM4-64 intensity during unloading. The intensity decreased after a train of stimuli starting at 20 s. F, Normalized fluorescence intensity
to assess exocytosis dynamics, which was unaffected by Syt11-KO. G, Quantification of normalized releasable FM4-64 dye. The releasable dye increased ;104.67% after Syt11 depletion
(70386 83.23 in Dcre group, 62 boutons from 4 experiments; 33026 14.77 in cre group, 64 boutons from 3 experiments). ***p , 0.001. H, Protocol for overstimulation condition. I, J,
Averaged traces of FM4-64 unloading (800 APs at 40 Hz) after overstimulation. The FM4-64 discharge is shown as the mean6 SEM (Dcre, 10,5096 55.70, 73 boutons from 4 experiments;
cre, 10,4226 41.62, 75 boutons from 4 experiments, p¼ 0.21). K, FM4-64 uptake in terminals treated with cre or Dcre lentivirus. The dye was loaded with 10, 20, or 30 s of electrical stimu-
lation at 40 Hz. Images were acquired after three washes for 1 min each. The same parameters for image acquisition were used for all groups. Numbers of analyzed boutons/coverslips are indi-
cated. The FM4-64 uptake is presented as the mean 6 SEM (10-s Dcre, 98.006 1.47, 201 boutons from 3 experiments; 10-s cre, 111.706 7.12, 222 boutons from 4 experiments,
*p¼ 0.038; 20-s Dcre, 173.006 5.33, 171 boutons from 3 experiments; 20-s cre, 228.706 1.20, 192 boutons from 3 experiments, **p¼ 0.0037; 30-s Dcre, 192.006 3.36, 195 boutons
from 3 experiments; 30-s cre, 239.006 3.78, 207 boutons from 4 experiments, **p¼ 0.0084). L, Fluorescence change of Syt1-pHluorin and Syb2-pHluorin before stimulation (0 s), after stimu-
lation (26 s), and back to baseline (120 s) in Dcre/cre group. Arrows indicate typical events of exocytosis and endocytosis. Scale bars, 5mm. M–P, Kinetic traces and endocytic t of Syt1-
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To exchange buffer, purified proteins were placed in a dialysis bag
and incubated in 2 L HEKG buffer (in mM as follows: 20 HEPES, 1
EDTA, 50 KCl, pH 7.2) containing 0.4 mM PMSF at 4°C. The buffer was
changed twice, every 4 h. The purified proteins were stored at –80°C.

GST pull-down. Mouse brain tissue was homogenized in lysis buffer
(in mM as follows: 20 Tris, pH 7.5, 150 NaCl, 1 EDTA, 1 PMSF, 1x prote-
ase inhibitors, and 1% Triton X-100) and rotated at 4°C for 2 h. After
centrifugation for 15 min at 20,000 � g at 4°C, 5mg proteins were pre-
cleared for 1 h at 4°C with 20mg GST proteins. The samples were incu-
bated with 20mg of immobilized GST fusion protein on beads overnight
at 4°C. The beads were washed 5 times with lysis buffer and boiled in
SDS loading buffer for 5 min at 95°C before WB.

Purified protein binding assay and binding affinity calculation. Free
GST-Syt11 proteins were incubated with His-tagged EndoA1 in 500ml
HEKG buffer (in mM as follows: 20 HEPES, 1 EDTA, 50 KCl, pH 7.2) for
1 h at 4°C. Then 40ml of 50% glutathione Sepharose beads was added
and left on a rotating wheel for another 1 h at 4°C. The bound fraction
on beads was collected for WB.

To calculate GST-Syt11 and EndoA1 binding affinity, increasing
concentrations of GST-Syt11 (0-100 nM) were incubated with 20 nM His-
tagged EndoA1. EndoA1 was pulled down with GST-Syt11, detected by
anti-His tag antibody, and quantified using ImageJ. The bound fraction
of EndoA1 was plotted and curve-fitted with GraphPad Prism 5.

For domain and peptide competition assays, GST-Syt11 protein was
incubated with His-tagged EndoA1 along with C2 domains or peptides
for 1 h at 4°C.

Peptide design, preparation, and application. The secondary struc-
ture of Syt11-C2B (291-428) was predicted by JPred (http://www.
compbio.dundee.ac.uk/jpred/). Six peptides were designed according to
their secondary structure (PP-1, RGELQVSLSYQPVAQRMTVVVLK;
PP-2, ARHLPKMDITGLSGNPYVKVNV; PP-3, YYGRKRIAKKKTHV
KKCTLNPIFN; PP-4, ESFIYDIPTDLLPDISIEFLVID; PP-5, FDRTTKN
EVVGRLILGAHSVTTSG; and PP-6, AEHWREVCESPRKPVAKWH
SLS). Their hydrophilic properties, molecular weights, and isoelectric
points were analyzed, and they were synthesized by ChinaPeptide. Each
peptide (1mg) was first hydrated with 300ml methanol, adjusted to 100
mM with ddH20, aliquoted, and stored at –80°C. The hydrated peptides
were used within 2weeks.

To study the cell entry of peptides, FITC-conjugated PP-1 and PP-2
were synthesized. HEK293T cells were incubated for 3 h with 10 mM

hydrated peptides, then for another 15 min with CellMask deep red dye
(C10046, Invitrogen) to label the plasma membrane. Finally, the cells
were fixed in 4% PFA for confocal observation. The cells were scanned
under a Leica TCS SP8 confocal microscope with a 63� objective and
2.5� digital zoom. Series scanning with 0.4 mm slices on the z axis was
used for 3D reconstitution.

For peptide application to cells, 10 mM hydrated peptide was added
to the culture medium; and after 3 h, IP or FM4-64 uptake and discharge
was assessed. For dialysis in the presynaptic structure of the calyx of
Held, peptides were diluted to the desired concentration with presynap-
tic pipette solution. A double-blind strategy was adopted for capacitance
recordings when examining the effects of PP-1 and PP-2.

Electrophysiological recordings from primary cultured hippocampal
neurons. Electrophysiological recordings in cultured hippocampal neu-
rons were performed after DIV14. For IPSC recording, 50 mM of D-APV
and 20 mM of CNQX were added to the extracellular solution (in mM as
follows: 140 NaCl, 5 KCl, 1.5 CaCl2, 2 MgCl2, 10 glucose, 10 HEPES-
NaOH, pH 7.4, ;310 mOsm) to isolate inhibitory neurotransmissions.
Glass pipettes were pulled at 2-4 MX and filled with intracellular solution
(in mM as follows: 40 CsCl, 90 K-gluconate, 1.8 NaCl, 1.7 MgCl2, 3.5
KCl, 0.05 EGTA, 2 MgATP, 0.4 Na2-GTP, 10 phosphocreatine, 4

Table 1. p values for Figure 2

Time (s) p Mean 1 Mean 2 Difference
SE of
difference t ratio

p values of 10 Hz
1 . 0.9999 1 1 4.91E-08 0.157286 3.12E-07
2 0.640606 0.731662 0.681431 0.050231 0.106339 0.472367
3 0.761669 0.623827 0.595563 0.028264 0.092218 0.306494
4 0.503278 0.575645 0.514566 0.061078 0.089983 0.678775
5 0.375126 0.496723 0.419473 0.07725 0.085605 0.902406
6 0.545574 0.491338 0.439213 0.052125 0.085112 0.612428
7 0.294225 0.482375 0.388753 0.093622 0.087455 1.07051
8 0.506605 0.427156 0.370797 0.056359 0.083688 0.673448
9 0.546551 0.423553 0.372397 0.051156 0.083735 0.610929
10 0.337478 0.397569 0.323591 0.073978 0.075704 0.977195
11 0.307297 0.416406 0.327565 0.088841 0.082986 1.07056
12 0.251039 0.406339 0.280077 0.126262 0.104209 1.21163
13 0.117312 0.41453 0.232101 0.182429 0.107349 1.6994
14 0.113204 0.390335 0.212136 0.178199 0.10354 1.72107
15 0.094801 0.385635 0.21061 0.175025 0.095756 1.82783
16 0.051183 0.383428 0.175129 0.208299 0.095219 2.18759
17 0.046242 0.4161 0.191363 0.224738 0.100077 2.24564
18 0.053249 0.390098 0.177235 0.212863 0.098325 2.16489
19 0.036187 0.379105 0.163751 0.215353 0.090299 2.38489
20 0.043582 0.373336 0.150398 0.222938 0.097805 2.27941
21 0.064605 0.352353 0.151121 0.201232 0.098003 2.05332
22 0.058929 0.360258 0.156727 0.203531 0.096619 2.10654
23 0.054497 0.357276 0.15431 0.202966 0.094334 2.15158
24 0.056944 0.338656 0.142199 0.196458 0.092394 2.1263
25 0.033314 0.352256 0.13638 0.215876 0.088779 2.43162
26 0.031132 0.365731 0.147722 0.218009 0.088269 2.46982
27 0.039441 0.354951 0.144623 0.210328 0.090033 2.33612
28 0.036042 0.339267 0.128377 0.21089 0.088343 2.38716
29 0.044715 0.336599 0.122111 0.214488 0.094705 2.26479
30 0.021769 0.345636 0.122996 0.22264 0.083366 2.67064
31 0.043347 0.337605 0.122441 0.215163 0.094267 2.28248
32 0.024639 0.34147 0.122007 0.219462 0.084368 2.60126
33 0.027981 0.346054 0.121248 0.224806 0.088861 2.52986
34 0.025479 0.347914 0.122837 0.225077 0.087157 2.58244
35 0.043129 0.324762 0.129131 0.195631 0.085602 2.28534
36 0.029869 0.355701 0.117777 0.237924 0.095432 2.49314
37 0.048044 0.319751 0.115741 0.20401 0.091739 2.22381
38 0.045959 0.325896 0.112762 0.213135 0.094763 2.24914
39 0.043317 0.327651 0.11233 0.215321 0.09432 2.28287
40 0.035811 0.319571 0.105549 0.214022 0.089519 2.3908

p values of 10 Hz
1 . 0.9999 1 1 6.8545E-07 0.159797 4.29E-06
2 0.634952 0.671294 0.606118 0.0651763 0.135076 0.482516
3 0.773206 0.572223 0.535879 0.0363443 0.124328 0.292326
4 0.445884 0.544292 0.45354 0.0907522 0.116579 0.778461
5 0.364534 0.489954 0.387872 0.102082 0.109882 0.929016
6 0.027973 0.504593 0.298934 0.205659 0.0864307 2.37946
7 0.009586 0.458892 0.210802 0.24809 0.0861358 2.88022
8 0.004763 0.451743 0.176235 0.275507 0.0862202 3.19539
9 0.002844 0.426347 0.140253 0.286094 0.0835477 3.42432
10 0.005476 0.395599 0.136344 0.259255 0.0827478 3.13307
11 0.001703 0.395125 0.113387 0.281738 0.0771889 3.64999
12 0.002366 0.372854 0.098136 0.274718 0.0783693 3.50543
13 0.004681 0.351176 0.087612 0.263564 0.0822817 3.20319
14 0.004453 0.342723 0.090214 0.252509 0.0782868 3.22544
15 0.00495 0.339496 0.090093 0.249404 0.0784739 3.17818
16 0.008802 0.31796 0.088455 0.229505 0.0786231 2.91905
17 0.012703 0.316096 0.087211 0.228884 0.0831961 2.75114
18 0.005432 0.335934 0.085646 0.250288 0.0797941 3.13668
19 0.004008 0.349731 0.090001 0.25973 0.0793724 3.2723
20 0.004937 0.334691 0.090802 0.243889 0.0767091 3.1794

/

pHluorin and Syb2-pHluorin. Dcre-t Syt1- pHluorin: 29.026 1.32 s, 76 boutons from 3 experi-
ments; cre-t Syt1- pHluorin: 17.976 0.71 s, 103 boutons from 3 experiments, **p¼ 0.0018.
Dcre-t Syb2- pHluorin: 35.606 1.90 s, 67 boutons from 3 experiments; cre-t Syb2- pHluorin:
19.846 0.87 s, 93 boutons from 3 experiments, **p¼ 0.0016. Data are mean 6 SEM.
***p, 0.001; Student’s t test for B, G, J, K, N, P.
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QX314-Cl, 10 HEPES-CsOH, pH 7.4, ;300 mOsm). Recordings were
performed at room temperature (21°C-24°C). After breaking into the
cells and establishing the whole-cell recording configuration, cells were
kept at a holding potential of �70mV throughout the recording. Access
resistance was compensated to 3-5 MX during recording, and a concen-
tric bipolar electrode was used to trigger the train stimulation (20Hz).

Data were acquired with an Axon 700B Multiclamp amplifier and ana-
lyzed by Igor 6.2 software 142 (WaveMetrics).

Slice preparation and electrophysiology at the calyx of Held. For ca-
pacitance recordings, transverse slices 200-mm-thick from 8- to 10-d-
old C57/BL6 mice of either sex were cut on a vibratome (Leica VT
1200 s). Presynaptic capacitance was recorded at near-physiological

Figure 2. SV recycling accelerates during prolonged train stimulation at different frequencies in Syt11-KO neurons. A, B, Example traces of the eIPSCs in Dcre/cre treated neurons with 10/20 Hz stimu-
lation. Total 400 stimulus traces included and the first/last 10 stimuli enlarged. C, D, The first 100 pulses of #n IPSC/#1 IPSC ratios at 10/20 Hz. E, F, 10/20 #n IPSC/#1 IPSC ratios within every s of 10/
20 Hz stimulation were summed and normalized, and all the data in 40/20 s were plotted. Significant differences detected after 25/6 s for 10/20 Hz. p values are listed in Table 1. Data are mean6 SEM.
*p, 0.05; multiple t tests for E, F.
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Figure 3. Membrane partition of TfR and Syt1 is altered in Syt11-KO neurons. A, Plasma membrane fractionation using the Qproteome Plasma Membrane Protein Kit. T, Total lysate; B,
resin-bound fraction; S, supernatant fraction. Syt1, Syp1, and Syb2 from the SV recycling pathway were investigated. Arrowhead indicates TfR. Na1/K1 ATPase and SNAP25 served as positive
controls for plasma membrane proteins and presynaptic membrane. TGN 46 of the trans-Golgi network and cytosolic GAPDH served as negative controls. B, Quantification of relative membrane
fractions (cre/Dcre) as in A. For each protein, the cell surface partition was calculated by the ratio of bound fraction to total fraction. Dashed line indicates the value 1, at which the membrane
partition in Syt11-KO neurons is the same as the control. Increased TfR was retained on the plasma membrane in Syt11-KO neurons (1.446 0.13, *p¼ 0.014), while the partition of other pro-
teins was not significantly changed (0.876 0.08 in Syt1, p¼ 0.26). Data from five biological replicates (n¼ 5). C, Protocol for assessing SV protein partition using pHluorin-tag (Syb2 as an
example). The first 10 frames were acquired in standard imaging buffer to obtain the baseline; then the pHluorin signals were quenched by acid treatment (pH 5.5 for 30 s). The cells were
then bathed in standard imaging buffer (60 s) for recovery of the surface signal, and the total level of pHluorin protein in the bouton was assessed by NH4Cl perfusion for 30 s. Arrows indicate
the starting points for acquisition of 10 frames at 2 s intervals. Scale bar, 5mm. D, E, Averaged traces showing Syt1-pHluorin and Syb2-pHluorin signals during treatments. F, Quantification of
surface Syt1-pHluorin and Syb2-pHluorin. The surface ratio of Syt1-pHluorin was 0.44496 0.014 in control (Dcre, 77 boutons from 3 experiments) and 0.36096 0.014 in Syt11-KO boutons
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temperature (33°C-35°C) or room temperature (22°C-24°C) with
ACSF containing the following (in mM): 105 NaCl, 2.5 KCl, 25
NaHCO3, 3 myo-inostol, 2 Na-pyruvate, 1.25 NaH2PO4, 0.4 ascorbic
acid, 25 D-glucose, 1 MgCl2, 2 CaCl2, 0.001 TTX, and 20 tetraethylam-
monium at pH 7.4 when gassed with 95% O2 and 5% CO2. The osmo-
larity of this solution was in the range of 295-320 Osm. The
presynaptic pipette (3-5 MV) solution contained the following (in mM):
125 Cs-gluconate, 20 CsCl, 4 MgATP, 10 Na2-phosphocreatine, 0.3
GTP, 10 HEPES, and 0.05 BAPTA (pH 7.2 adjusted with CsOH).
Presynaptic whole-cell recordings were made with an EPC-10 amplifier

(HEKA), with series resistance ,15 MV compensated by 60%. The
holding potential of �80mV was corrected for a liquid junction poten-
tial of –11mV between the extracellular and pipette solutions. A sinu-
soidal stimulus was applied in addition to the DC holding potential.
The peak-to-peak voltage of the sine wave was ,60mV to avoid acti-
vating Ca21 currents. The resulting current was processed using the
Lindau–Neher technique to give estimates of the membrane capaci-
tance, membrane conductance, and series conductance. The sine wave
frequency was 1000Hz. Data are expressed as mean 6 SEM, and one-
way ANOVA was used. All data were analyzed with Igor Pro-6.2
(WaveMetrics).

Experimental design and statistical analysis. All experiments were
replicated biologically for at least 3 times. Data are presented as mean
6 SEM, and statistical analysis was performed using GraphPad Prism
software. Statistical comparisons were made using the two-tailed
unpaired t test, one-way ANOVA with Dunnett’s analysis, or two-way
ANOVA with Sidak analysis. Sidak’s post hoc test was used. Numbers
of experiments or analyzed samples are provided in the corresponding
figure legends. p values, 0.05 were considered significant.

Figure 4. Syt11 is localized to the SV recycling pathway. A, Myc-Syt11 partially colocalized with synapsin 1, Syb2, EndoA1, and dynamin 1 at presynaptic hippocampal terminals. Top right
inset (in each panel), An enlargement. Scale bar, 5mm. Arrows indicate colocalized puncta. Scale bars: original images, 25mm. B, Synaptosome fractionation of rat cortex by Percoll gradient
centrifugation. S1, Soluble fraction; F1-F5, myelin, membranes, synaptosomes and membranes, synaptosomes, and mitochondria. Endocytic and synaptic proteins in presynaptic terminals were
investigated. Voltage-dependent anion-selective channel protein 1 (VDAC1) served as a marker of mitochondria. C, D, Analysis of colocalization of myc-Syt11 with EndoA1, Syb2, synapsin 1,
dynamin 1 in neuronal dendrites by Pearson’s coefficient. Left, The percentage of myc-Syt11 colocalized with various proteins. Right, The percentage of these proteins with myc-Syt11. All data
are from at least five frames of images from three independent experiments.

/

(cre, 65 boutons from 3 experiments). ***p¼ 0.0008. For Syb2-pHluorin, the ratios were
0.48686 0.0840 in Dcre and 0.46376 0.0231 in cre, p¼ 0.2757. The surface distribution
of Syt1 decreased 18.88% after Syt11 depletion, while Syb2 did not change. G, Relative sur-
face fluorescence recovery ratios of Syb2-pHluorin (0.74246 0.0649) and Syt1-pHluorin
(0.66316 0.0375) in the absence of Syt11. Data are mean 6 SEM. *p , 0.05; ***p ,
0.001; column statistics was used to compare with value 1.0 in B; Student’s t test for F, G.
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Figure 5. Syt11 directly interacts with EndoA1 with high affinity in a Ca21-independent manner. A, B, GST pull-down with GST-Syt11 and IP with EndoA1 antibody in mouse brain lysates.
Input fraction (1% of total) and bound fraction were immunoblotted with EndoA1 or Syt11 antibody. C, D, Coimmunoprecipitation of myc-Syt11 and GFP-EndoA1 in HEK293T cells. E, Cre or
Dcre neurons (green) were stained with EndoA1 antibody (red). The same parameters were used for image capture and the peak intensities of ROIs quantified. Scale bars, 10mm. F,
Purification of His-tagged EndoA1 and GST-Syt11 revealed by Coomassie staining. G, Syt11-EndoA1 binding is Ca21-independent. H, Affinity of the Syt11-EndoA1 interaction. A constant con-
centration of free EndoA1 (20 nM) was incubated with different concentrations of free GST-Syt11 (0-100 nM) to determine the Kd value. Curve-fitting by saturation binding equations
(Y¼ 0.6*X/(4.81 X)) revealed one specific binding site with a Kd of 4.79 nM. I, The KD efficiency of EndoA1 in neurons treated with lentivirus (one-way ANOVA: F¼ 1252, ***p, 0.0001;
sh-1, 28.3% of nontargeting control (Ctr), ***p , 0.0001; sh-2, 26.7% of Ctr, ***p , 0.0001). EndoA2/A3 and other synaptic protein (Syt11, Syt1, Syb2) expression did not change after
EndoA1 KD. J, EndoA1-KD reversed the FM4-64-uptake phenotype in Syt11-KO neurons. 10 s (one-way ANOVA: F¼ 13.57, ***p, 0.001): Dcre1 sh1 versus Dcre1 Ctr, 34. 48% decreased,
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Results
Syt11-KO accelerates endocytosis in neuronal terminals
without affecting exocytosis
Previously, we showed that Syt11-KD accelerates neuronal endo-
cytosis in both the somata of DRG neurons and the terminals of
hippocampal neurons (Wang et al., 2016). In this study, we ana-
lyzed the function of Syt11 by investigating Syt11-KO synapses.
Primary hippocampal neurons from a floxed Syt11 knock-in
mouse strain (Shimojo et al., 2019) were infected with lenti-
virus-expressing cre recombinase to generate Syt11-KO cells.
A truncated, catalytically inactive Dcre served as a negative
control. The KO efficiency reached 94.3% (Fig. 1A,B) with-
out affecting the expression of other endocytic proteins
(dynamin 1 and EndoA1), Syt isoforms (Syt1 and Syt4), or a
SV protein [synaptobrevin 2 (Syb2)].

To investigate the endocytic phenotype in Syt11-KO neurons,
we first used FM4-64 dye to assess vesicle endocytosis and exocy-
tosis at neuronal terminals. The dye was applied extracellularly
during 60 s of stimulation with 100 mM K1 at 37°C followed by
three 60 s washes and then unloaded by a train of 800 APs at
40Hz (Fig. 1C). The FM4-64 discharged from Syt11-KO termi-
nals increased by 104.67% (Fig. 1D,E,G). When the FM4-64 dis-
charge signal was normalized to the total dischargeable
amount, no difference in exocytic kinetics was found between
Syt11-KO and control cells (Fig. 1F). To make sure that Syt11-
KO did not affect exocytosis, we used an overstimulation proto-
col (Verstreken et al., 2008; Iwabuchi et al., 2014) and included
FM4-64 during and 3min after stimulation to stain most of the
recycling vesicles, followed by a train of stimuli to evoke exocy-
tosis (800 APs at 40Hz; Fig. 1H). The FM4-64 discharge
showed that exocytosis in Syt11-depleted neurons was not
altered (Fig. 1I,J), consistent with previous reports that Syt11 is
not involved in regulating evoked exocytosis (Wang et al., 2016;
Shimojo et al., 2019). As the train stimulation depleted the recy-
cling pool, this result also showed that the size of the recycling
pool in Syt11-KO neurons was unaffected. Comparatively, a re-
markable increase in FM4-64 uptake occurred in Syt11-KO bou-
tons at various durations of electrical stimulation (40Hz for 10,
20, or 30 s) with negligible spontaneous uptake and nonspecific
FM4-64 staining (30 s, Fig. 1K). Furthermore, we examined
endocytosis kinetics by introducing pHluorin-tagged Syt1 (Syt1-
pHluorin) or Syb2 (Syb2-pHluorin) into hippocampal neurons.

pHluorin is a pH-sensitive variant of GFP, which fluoresces in
the neutral environment after exocytosis (Betz and Bewick, 1992;
Miesenbock et al., 1998; Zhu et al., 2009). After a train of 10Hz
500 AP stimulation, both Syt1-pHluorin and Syb2-pHluorin
endocytosed faster after Syt11 depletion (Fig. 1L–P). Together,
these results revealed an inhibitory role of Syt11 in SV endocyto-
sis without directly affecting exocytosis.

Syt11-KO enhances neurotransmission during prolonged
stimulations
As endocytosis is an important stage of vesicle recycling which
largely determines vesicle availability during sustained neuronal
activity (Li et al., 2005; Qiu et al., 2015), we recorded the eIPSC
corresponding to 400 stimuli at different frequencies (10/20Hz)
in primary hippocampal neurons (Fig. 2; Table 1). It seemed that
loss of Syt11 had no impact on the first 100 AP-evoked releases at
10 and 20Hz (Fig. 2C,D). However, our results showed that Syt11-
KO significantly enhanced the IPSCs when stimulation duration
was extended longer than 25 and 6 s corresponding to 10 and
20Hz stimulation (Fig. 2E,F). Together, our observations provided
strong supporting evidence that Syt11 loss caused acceleration of
endocytosis increases the reused vesicle availability.

Membrane partition of synaptic proteins is defective in
Syt11-KO neurons
We have proposed that Syt11 inhibits neuronal endocytosis to
ensure the precise recycling of synaptic proteins and membranes
(Wang et al., 2016). In the somata of DRG neurons, downregula-
tion of Syt11 leads to excessive membrane retrieval after evoked
exocytosis. Here, we set out to investigate the retrieval of syn-
aptic proteins by examining their membrane partition in hip-
pocampal neurons. First, we used a biochemical surface protein
extraction method to distinguish the plasma membrane frac-
tion from the intracellular fraction. Syt11 was present in the
plasma membrane fraction (Fig. 3A). We found that more TfR
was retained on the plasma membrane in Syt11-KO neurons (Fig.
3A,B, *p¼ 0.014, t test), consistent with the increased transferrin
uptake previously reported (Wang et al., 2016). Synaptophysin 1
(Syp1), Syb2, and SNAP25 were not affected, while Syt1 on the
plasma membrane tended to decrease after Syt11-KO (p¼ 0.26,
t test). Na1/K1 ATPase (a plasma membrane marker) served
as a positive control for the membrane fraction (Fig. 3A), while
the intracellular membrane protein TGN 46 (a Golgi apparatus
marker) and the cytosolic protein GAPDH served as positive
controls for the intracellular fraction.

Notably, the above experiments used the plasma membrane
fraction of the entire neuron, including the somata and neurites.
To examine the synaptic protein partition in nerve terminals, we
used Syb2-pHluorin and Syt1-pHluorin to investigate their sur-
face partition in Syt11-KO terminals. The surface fraction of
each protein was estimated by a round of acid, neutral, and alka-
line treatments (Fig. 3C). We found that the surface partition ra-
tio of Syt1, but not Syb2, significantly decreased after Syt11
depletion (by 18.88%, Fig. 3D–F). Furthermore, the surface fluo-
rescence recovery of both Syb2-pHluorin (0.74246 0.0649) and
Syt1-pHluorin (0.66316 0.03747) were impaired in Syt11-KO
neurons when cells were switched from acidic solution back to
standard buffer (Fig. 3G).

Syt11 is localized to synapses
High levels of Syt11 mRNA and protein expression have been
reported in many regions of the rodent brain (von Poser et al.,
1997; Mittelsteadt et al., 2009; Shimojo et al., 2019). Here, we

/

***p , 0.001; Dcre1 sh2 versus Dcre 1 Ctr, 30.18% decreased, ***p , 0.001; cre 1
sh1 versus cre 1 Ctr, 34.97% decreased, ***p , 0.001; cre 1 sh2 versus cre 1 Ctr,
40.50% decreased, ***p , 0.001. 289 boutons from 6 experiments in Dcre 1 Ctr,
272 boutons from 6 experiments in Dcre 1 sh1, 268 boutons from 6 experiments in
Dcre 1 sh2; 282 boutons from 6 experiments in cre 1 Ctr, 309 boutons from 6
experiments in cre 1 sh1, 291 boutons from 6 experiments in Dcre 1 sh2. 20 s
(one-way ANOVA: F¼ 14.3, ***p , 0.001): Dcre 1 sh1 versus Dcre 1 Ctr, 35.23%
decreased, ***p , 0.001; Dcre 1 sh2 versus Dcre 1 Ctr, 22.56% decreased, ***p ,
0.001; cre 1 sh1 versus cre 1 Ctr, 34.16% decreased, ***p , 0.001; cre 1 sh2 versus
cre1 Ctr, 23.22% decreased, ***p, 0.001; 313 boutons from 6 experiments in Dcre1 Ctr,
295 boutons from 5 experiments in Dcre1 sh1, 329 boutons from 5 experiments in Dcre1
sh2; 331 boutons from 6 experiments in cre1 Ctr, 307 boutons from 5 experiments in cre1
sh1, 335 boutons from 5 experiments in Dcre 1 sh2. 30 s (one-way ANOVA: F¼ 22.33,
***p, 0.001): Dcre1 sh1 versus Dcre1 Ctr, 34.00% decreased, ***p, 0.001; Dcre1
sh2 versus Dcre 1 Ctr, 36.14% decreased, ***p , 0.001; cre 1 sh1 versus cre 1 Ctr,
27.26% decreased, ***p , 0.001; cre 1 sh2 versus cre 1 Ctr, 22.03% decreased, ***p ,
0.001. 323 boutons from 6 experiments in Dcre 1 Ctr, 259 boutons from 6 experiments in
Dcre 1 sh1, 379 boutons from 5 experiments in Dcre 1 sh2; 268 boutons from 6 experi-
ments in cre1 Ctr, 301 boutons from 5 experiments in cre1 sh1, 276 boutons from 5 experi-
ments in Dcre1 sh2. Data are mean6 SEM. ***p, 0.001; Student’s t test for E.
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Figure 6. Domain requirement of Syt11-EndoA1 binding. A, B, Construction of His-tagged EndoA1 mutation (amino acid numbers of N-BAR and SH3 domains are indicated).
The SH3 domain is not necessary for Syt11–EndoA1 binding. C, Diagram of Syt11 cytosolic domains with GST tag. D, C2B domain is sufficient for Syt11–EndoA1 interaction
(one-way ANOVA: F¼ 549, ***p , 0.001). E, Competition of the same concentration of C2B domain with Syt11 binding to EndoA1. The C2B domain inhibited 52.6% of the
interaction compared with C2A. F, Secondary structure prediction of Syt11-C2B by JPred. C2B is composed of eight b -sheets (green arrows) and one a-helix (red bar).
Peptides 1-6 were designed according to the secondary structure prediction. G, Peptide 2 (PP-2) was used to block the Syt11–EndoA1 interaction, and PP-2 reduced the
Syt11–EndoA1 binding by 38.5% in vitro (one-way ANOVA: F¼ 3.2, *p¼ 0.013). H, Different GST-tagged C2B domain truncations were used for GST pull-down. The PP-2
sequence was indispensable for this binding. Ponceau S staining shows equal volumes of GST-tagged proteins (triangles). Data are from at least three independent experi-
ments and presented as mean 6 SEM. ***p , 0.001; Student’s t test for E; one-way ANOVA for B, D, G,
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determined the subcellular localization of Syt11 in hippocampal
terminals. Synapsin 1 and Syb2 were SV proteins, while EndoA1
and dynamin 1 labeled the endocytic pathway. Syt11 was local-
ized at terminals, and partly colocalized with synapsin 1, Syb2,
EndoA1, and dynamin 1 (Fig. 4A,C,D). Among these, Syt11 colo-
calized most extensively with EndoA1. These results suggested
that Syt11 is a presynaptic protein involved in SV recycling.

We also investigated the Syt11 distribution biochemically.
Percoll gradient centrifugation was applied to isolate different
membrane fractions, including intact synaptosomes, from rat
brain (Dunkley et al., 2008). Synapsin 1, Syt1, Syp1, Syb2, and
a-synuclein were monitored to label presynaptic structures.
Clathrin heavy chain, adaptor protein 2 (AP2), dynamin 1, and
caveolin marked endocytic pathways. Voltage-dependent anion-
selective channel protein 1 served as a marker of mitochondria,
while b -actin and GAPDH were cytosolic. The high levels of
endocytic proteins in the synaptosome fraction indicated active
CME, but not caveolin-mediated endocytosis in synapses. Syt11
was enriched in several membrane fractions but not in mito-
chondria (Fig. 4B). The abundance of Syt11 protein in synapto-
somes suggested important physiological functions of Syt11 in
synapses. All these results showed that Syt11 is distributed in pre-
synaptic structures, and is associated with SV recycling.

Syt11 interacts directly with EndoA1 through the C2B
domain
To understand the molecular mechanism of Syt11 regulation
during SV endocytosis, we sought for the proteins that interact
with Syt11. GST pull-down experiments with mouse brain ho-
mogenates identified EndoA1, a crucial endocytic protein that
recruits synaptojanin and dynamin 1 at a late stage of SV endo-
cytosis (Milosevic et al., 2011; Sundborger et al., 2011), as a bind-
ing partner of GST-Syt11 (Fig. 5A). To investigate whether their
interaction occurs in vivo, coimmunoprecipitation assays were
performed using EndoA1 antibody (Fig. 5B). Syt11 was found in
the same immune complex as EndoA1. We further confirmed
their binding in HEK293T cells by coexpressing myc-Syt11 and
EndoA1-GFP. Syt11 and EndoA1 immunoprecipitated with each
other using either myc or GFP antibody (Fig. 5C,D). However,
EndoA1 expression in nerve terminals was not affected in Syt11-
KO neurons (Fig. 5E).

To determine whether the binding of Syt11 to EndoA1 was
direct, we purified GST-Syt11 and His-EndoA1 in vitro (Fig. 5F),
and found that Syt11 interacted with EndoA1 directly in a Ca21-
independent manner (from 0 to 2 mM, Fig. 5G). The affinity of
their interaction was measured by keeping the concentration of
EndoA1 constant (20 nM) while varying that of Syt11. Curve-fit-
ting analysis revealed one binding site with high affinity (Kd ¼
4.79 nM, Fig. 5H). Together, our data revealed a strong interac-
tion between Syt11 and EndoA1.

To investigate whether Syt11 inhibits SV endocytosis through
EndoA1, we specifically knocked down EndoA1 in neurons
using two shRNAs (Fig. 5I; sh-1, 28.3% of nontargeting control

(Ctr); sh-2, 26.7% of Ctr), without affecting EndoA2/3 and other
synaptic proteins Syt11, Syt1, and Syb2. EndoA1-KD reduced the
FM4-64 uptake in the control groups (Fig. 5J), consistent with its
reported effect on SV endocytosis (Zhang et al., 2015a). EndoA1-
KD significantly reversed the increased FM4-64 uptake with vari-
ous durations of electrical stimulation (40Hz for 10, 20, or 30 s)
in the Syt11-KO cells (Fig. 5J). The partial reversal was likely
because of the incomplete KD of EndoA1 (by ;70%, Fig. 5I).
These data suggested that EndoA1 is a key target of Syt11 during
SV endocytosis.

Next, we mapped the binding domains of Syt11 and
EndoA1. EndoA1 is one of the SH3 domain-containing pro-
teins. Structurally, EndoA1 possesses an N-terminal BAR do-
main and a C-terminal SH3 domain. Its SH3 domain binds the
proline-rich motif (PXXP) in multiple synaptic proteins, includ-
ing synaptojanin (de Heuvel et al., 1997; Micheva et al., 1997a),
amphiphysin (Micheva et al., 1997b), dynamin (Ringstad et al.,
1997; Anggono and Robinson, 2007), voltage-gated Ca21 chan-
nels (Pechstein et al., 2015), vesicular glutamate transporter type
1 (Vinatier et al., 2006), and intersectin (Chen et al., 2003). We
tested whether Syt11 also binds the SH3 domain since four
PXXP sites were found in Syt11. We constructed two deletion
mutants of EndoA1, DSH3 and SH3 (Fig. 6A), and found that
DSH3, but not SH3, bound Syt11, albeit with a lower affinity
than full-length Syt11 (Fig. 6B). This result showed that Syt11
interacts with the N-terminal sequence of EndoA1.

Since EndoA1 is a peripheral membrane protein without a
transmembrane domain, we reasoned that their interaction
takes place on the cytosolic part of Syt11, we constructed a se-
ries of Syt11 cytosolic domains: GST-Syt11 [amino acids (a.a.)
37-428, covering the entire cytosolic region], GST-Dlinker (a.
a. 157-428), GST-DC2A (a.a. 37-156 and 283-428), GST-DC2B
(a.a. 37-282), GST-Linker (a.a. 37-156), GST-C2A (a.a. 157-
282), and GST-C2B (a.a. 283-429) (von Poser et al., 1997). We
found that the C2B domain mainly bound EndoA1 while the
linker region and the C2A domain showed weak interaction
(Fig. 6C,D).

To verify that C2B is the binding domain in Syt11, we used
the C2A or C2B domain (cleaved from GST-C2A or GST-C2B
by thrombin) to compete with the GST-Syt11–EndoA1 binding
using equal concentrations of C2A or C2B (100 nM) and GST-
Syt11 (100 nM). The C2B domain inhibited 52.6% of the Syt11–
EndoA1 binding when normalized to C2A (Fig. 6E).

EndoA1-binding peptide derived from the C2B domain
mimics Syt11 inhibition in SV endocytosis
Since several proteins, such as AP2 (Zhang et al., 1994) and SV2
(Schivell et al., 1996), are known to bind the C2B domain of the Syt
family, we set out to narrow down the EndoA1 binding sequence in
the C2B domain of Syt11. Six peptides covering the 137 amino acids
of the C2B domain were designed according to the JPred prediction
of secondary structures (Fig. 6F). Among these, the second peptide
(PP-2, a.a. 314-336, ARHLPKMDITGLSGNPYVKVNV) signifi-
cantly inhibited the Syt11-EndoA1 interaction (by 38.5%, Fig. 6G).
We also constructed C2B truncations based on these peptides (Fig.
6H). Consistently, truncations that included the PP-2 sequence
(GST-C2B, GST-PP1-3, GST-PP2-6, and GST-PP1-2) all bound
EndoA1 while truncations lacking the PP-2 sequence (GST-PP4-6
and GST-PP3-6) failed to bind EndoA1. These results demonstrated
that the C2B domain binds EndoA1 through the PP-2 sequence.

To understand the functional role of the Syt11–EndoA1 inter-
action in the cell, we first investigated whether PP-2 competes
with this binding in vivo. Since PP-2 is positively charged

Table 2. Peptide information

Amino acid sequence Hydrophilicity MW Isoelectric point

PP-1 rgelqvslsyqpvaqrmtvvvlk �0.1 2602.1 10.5
PP-2 arhlpkmditglsgnpyvkvnv 0.0 2409.84 10.2
PP-3 yygrkriakkkthvkkctlnpifn 0.3 2907.53 11.1
PP-4 ctlnpifnesfiydiptdllpd �0.3 2540.87 2.8
PP-5 isieflvidfdrttknevvgrlilgahsvttsg �0.1 3589.11 5.5
PP-6 aehwrevcesprkpvakwhsls 0.3 2632.99 9.0
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(isoelectric point, 10.2, Table 2), we tested whether it enters cells
via an electrostatic interaction with the plasma membrane. PP-1
served as a negative control as it shared hydrophilic properties,
molecular weight, and isoelectric point (10.6, Table 2) with PP-2.
Both peptides were tagged with FITC, and CellMask deep red
dye was used to mark the cell membrane. Indeed, PP-1 and PP-2
were able to enter HEK293T cells (Fig. 7A). Next, we tested the
effect of PP-2 in HEK293T cells expressing myc-Syt11 and
EndoA1-GFP. Coimmunoprecipitation experiments showed that
application of PP-2 efficiently blocked the Syt11–EndoA1 inter-
action by 41.1% when normalized to PP-1 (Fig. 7B,C). This result
showed that PP-2 inhibits Syt11–EndoA1 binding in the cell.

Next, we explored the physiological function of the Syt11–
EndoA1 interaction. There are two possibilities. One is that
Syt11 is recruited to endocytic sites by EndoA1 and inhibits other
proteins involved in SV endocytosis. In this case, application of
PP-2 would mimic the Syt11-KO phenotype and accelerate SV
endocytosis. The other possibility is that Syt11 inhibits EndoA1,
leading to inhibition of SV endocytosis. In the latter case, PP-2
would mimic the Syt11 overexpression phenotype and further
inhibit SV endocytosis. When we applied 5 mM PP-2 to WT hip-
pocampal neurons, FM4-64 discharge was inhibited by 11.7%
compared with PP-1 (Fig. 7D,F). Similarly, PP-2 also inhibited
the FM4-64 discharge from Syt11-KO terminals by 9.75% (Fig.
7G,I), partially rescuing the endocytic phenotype. The exocytosis
kinetics was unaffected in both experiments, consistent with our
KO results (Fig. 7E,H). In addition, PP-2 decreased the FM4-64
uptake with different durations of electrical stimulation in Syt11-
KO terminals (Fig. 7J,K). When a higher concentration of

Figure 7. Extracellular application of PP-2 inhibits SV endocytosis via EndoA1 in hippo-
campal neuron terminals. A, FITC-conjugated peptides entered cells and CellMask deep red
marked plasma membrane. All the sections were reconstructed to form a 3D image. Blue
represents DAPI for nucleus. Arrows, FITC-conjugated peptide puncta inside cells. Scale bars:
left and right panels, 20mm; middle subpanels, 5mm. B, C, Treatment with 5 mM PP-1
(control) or PP-2 for 3 h blocked coimmunoprecipitation of Syt11 and EndoA1 in HEK293T
cells. PP-2 decreased the interaction by 41.1% compared with PP-1. D–F, FM4-64 uptake and

/

discharge in WT hippocampal neurons treated with 5 mM PP-1 or PP-2 for 3 h.
Quantification analysis shows that PP-2 inhibited terminal endocytosis by 11.7% compared
with the PP-1 control (15,6056 50.36 with PP-1, 85 boutons from 4 experiments;
13,7796 100.60 with PP-2, 91 boutons from 4 experiments, ***p, 0.001), without affect-
ing exocytosis. G–I, Syt11-KO neurons were incubated with 5mM PP-1 or PP-2 for 3 h before
FM4-64 uptake and discharge experiments. Quantification shows that PP-2 decreased termi-
nal endocytosis by 9.75% compared with the PP-1 control (11,0856 235.1 with PP-1, 70
boutons from 3 experiments; 10,0046 49.74 with PP-2, 216 boutons from 5 experiments,
**p¼ 0.0011), without affecting exocytosis. J, K, FM4-64 uptake in Syt11-KO neurons after
electrical stimulation (40 Hz) for 10, 20, or 30 s. PP-2 significantly reduced FM4-64 uptake
compared with PP-1 (10 s PP-1, 197.86 19.5, 190 boutons from 3 experiments; 10 s PP-2,
140.06 8.5, 255 boutons from 3 experiments, *p¼ 0.011; 20 s PP-1, 207.16 14.7, 236
boutons from 3 experiments; 20 s PP-2, 162.76 9.6, 188 boutons from 3 experiments,
***p, 0.001; 30 s PP-1, 261.36 15.2, 221 boutons from 3 experiments; 30 s PP-2,
174.56 7.7, 191 boutons from 3 experiments, ***p, 0.001). L–N, WT hippocampal neu-
rons were treated with 25 mM PP-1 or PP-2 before FM4-64 uptake and discharge experi-
ments. Quantification analysis shows that 25 mM PP-2 significantly inhibited terminal
endocytosis to 73.08% of the blank control (***p , 0.001) or 74.07% of PP-1 treatment
(***p, 0.001) (10,8036 42.87 with blank, 43 boutons from 3 experiments;
10,8056 21.90 with PP-1, 52 boutons from 3 experiments; 78956 25.11 with PP-2, 98
boutons from 5 experiments), without affecting exocytosis. O–T, The endocytic t of Syt1-
pHluorin and Syb2-pHluorin in control group (Dcre) or 25 mM PP-2-treated neurons (Dcre-
t Syt1-pHluorin: 29.946 1.16 s, 67 boutons from 3 experiments; Dcre 1 PP-2-t Syt1-pHluorin:
42.896 1.33 s, 72 boutons from 3 experiments; **p¼ 0.0018; Dcre-t Syb2-pHluorin:
29.276 1.31 s, 89 boutons from 3 experiments; Dcre 1 PP-2-t Syb2-pHluorin: 38.896 1.20
s, 101 boutons from 3 experiments, **p¼ 0.0048). U, V, EndoA1-KD neurons treated with 5
or 25mM of PP-1 or PP-2. The releasable amounts of FM4-64 were calculated, and no signif-
icant difference was found between each group (one-way ANOVA: F¼ 1.86, p¼ 0.16;
EndoA1-KD¼ 66476 18.39, 73 boutons from 5 experiments; EndoA1-KD1 5 mM PP-1:
67916 19.57, 83 boutons from 5 experiments; EndoA1-KD1 25 mM PP-1: 66566 25.22,
79 boutons from 5 experiments; EndoA1-KD1 5 mM PP-2: 64146 32.50, 75 boutons from
5 experiments; EndoA1-KD1 25 mM PP-2: 63996 47.19, 80 boutons from 5 experiments).
Data are mean6 SEM. *p, 0.05; **p, 0.01; ***p, 0.001; Student’s t test for C, F, I,
K, Q, T; one way ANOVA for N, V.

6242 • J. Neurosci., September 6, 2023 • 43(36):6230–6248 Wang, Zhu et al. · Syt11 Inhibits SV Endocytosis via EndoA1



Figure 8. Intracellular application of PP-2 in calyx of Held terminals inhibits the endocytic rate at both room temperature and physiological temperature in a dose-dependent manner. A–E,
Example traces (A), averaged DCm traces (B), and averaged normalized DCm traces (C) in the presence of PP-1 (10 mM, red traces, n¼ 17), PP-2 (10 mM, green traces, n¼ 15), and blank
control (black traces, n¼ 10) in the presynaptic pipette at room temperature. The capacitance jump was evoked by 40 AP-e (AP equivalent) at 20 Hz. The SV exocytosis within 2 s (D) and
endocytosis within the first 3 s after stimulation (E, one-way ANOVA: F¼ 4.83, *p¼ 0.013; PP-2 vs PP-1: *p¼ 0.016; PP-2 vs Blank: **p¼ 0.007) were quantified. The normalized endocytic
fraction (F, one-way ANOVA: F¼ 6.57, **p¼ 0.0035; **p¼ 0.002 for PP-2 vs Blank; **p¼ 0.007 for PP-2 vs PP-1) within first 3 s after stimulation showed significantly decreased endocyto-
sis with PP-2 treatment compared with PP-1, without changing exocytosis (D, one-way ANOVA: F¼ 0.76, p¼ 0.46). G–L, Averaged DCm traces (G) and averaged normalized DCm traces (H)
in the presence of PP-1 (10 mM, red traces, n¼ 20), PP-2 (10 mM, green traces, n¼ 17), and blank control (black traces, n¼ 17) in the presynaptic pipette at physiological temperature. The
capacitance jump was evoked by 40 AP-e at 20 Hz. The SV exocytosis within 2 s (I) and endocytosis within the first 500 ms (J, one-way ANOVA: F¼ 3.52, *p¼ 0.037; PP-2 vs PP-1:
*p¼ 0.026; PP-2 vs Blank: *p¼ 0.020) or 3 s after stimulation (K, one-way ANOVA: F¼ 10.60, ***p¼ 0.00014; PP-2 vs PP-1: ***p¼ 0.0002; PP-2 vs Blank: ***p¼ 0.0002) were

Wang, Zhu et al. · Syt11 Inhibits SV Endocytosis via EndoA1 J. Neurosci., September 6, 2023 • 43(36):6230–6248 • 6243



peptides (25 mM) was applied to WT neurons, the inhibitory
effect of PP-2 reached 25.93% compared with PP-1 (Fig. 7L,N),
showing a dose effect. To ensure that the addition of peptides did
not affect SV endocytosis nonspecifically, we included a blank
control and found that PP-1 application had no effect on SV
endocytosis (Fig. 7L–N). In addition, PP-2 also inhibited the re-
trieval of Syt1-pHluorin/Syb2-pHluorin (Fig. 7O–T, endocytic t
decreased by 30.19% in Syt1-pHluorin, by 24.74% in Syb2-
pHluorin), further supporting the notion that the Syt11–EndoA1
interaction inhibits SV endocytosis.

To investigate the specificity of PP-2 targeting to EndoA1, we
applied both PP-1 and PP-2 to EndoA1-KD neurons. Both 5 and
25 mM of peptides were included, and no significant change of
FM4-64 discharge was detected compared with blank control in
the EndoA1-KD terminals (Fig. 7U,V). These data demonstrate
that PP-2 specifically targets EndoA1 in SV endocytosis.
Together, these results support the second scenario of our pro-
posal that Syt11 inhibits EndoA1.

PP-2 peptide dose-dependently inhibits SV endocytosis in
the calyx of Held at both room temperature and
physiological temperature
To further confirm and quantify the inhibition of endocytosis by
this EndoA1-binding peptide, we directly injected PP-1 and PP-2
peptides individually at different concentrations into the presyn-
aptic terminal of the calyx of Held synapse through the whole-
cell patch (Sun et al., 2004; Baydyuk et al., 2016). As an assay of
exocytosis and endocytosis, capacitance was measured at the
calyceal terminals of brain slices containing the median nucleus
of the trapezoid body (Paradiso et al., 2007). Exocytosis, as ca-
pacitance jumps, was induced by 40 AP-equivalent depolarizing
pulses (1ms, from �80 to 40mV) at 20Hz, while the corre-
sponding endocytosis, as the decay of capacitance, was recorded
for 20 s after stimulation (Sakaba and Neher, 2001). We first
measured the effects of the peptides at room temperature (22°C-
24°C) and found that injection of PP-2, but not PP-1, signifi-
cantly inhibited endocytosis while exocytosis was not affected
(Fig. 8A,B,D,E). Normalization of capacitance changes to the peak
revealed that PP-2 application, compared with PP-1 injection and
blank control, caused .30% reduction in membrane retrieval
within 3 s after stimulation (Fig. 8C,F). The inhibition was con-
firmed not to be because of a mis-targeting effect of the injected
peptides because the negative control was the same as the blank
control without peptide injection. We obtained the same results at
physiological temperature (33°C-35°C). Consistent with a previous
report, the induced exocytosis was enhanced and a significant fast

component of endocytosis occurred at physiological temperature
(Renden and von Gersdorff, 2007; Watanabe et al., 2014) (Fig. 8G,
J). Given that exocytosis was unaffected, application of 10 mM PP-
2 significantly inhibited both fast and slow endocytosis, since the
membrane retrieval was suppressed by ;40% within 0.5 s and
;50% within 3 s after stimulation compared with the application
of PP-1 and blank control (Fig. 8G,J–L). We further recorded the
changes in membrane capacitance induced by 40 AP-equivalent
depolarizing pulses after presynaptic injection of various concen-
trations of PP-2 (1, 2, 5, and 10 mM) at physiological temperature.
Correspondingly increasing inhibitory effects on endocytosis
occurred with the increasing PP-2 concentration, displaying dose
dependence, which tended to saturate at 5 mM (Fig. 8M–R). Thus,
the Syt11-EndoA1 interaction significantly inhibits SV endocytosis
at calyx of Held synapses.

Discussion
Here, we investigated the function of Syt11 in SV endocytosis
and the underlying molecular mechanism. Our experiments
showed no difference in FM4-64 discharge between WT and
Syt11-KO hippocampal synapses under sufficiently prolonged
stimulation, while FM4-64 uptake was significantly accelerated
(Fig. 1H–L). Consistently, a larger fraction of the vesicles in the
recycling pool in Syt11-KO than WT synapses were labeled dur-
ing 60 s of high K1 stimulation (Fig. 1E–G). Moreover, the re-
trieval of pHluorin-tagged Syt1 and Syb2 from the plasma
membrane was faster in Syt11-KO neurons (Fig. 1M–P). To
observe the phenotype of Syt11 deficiency on neurotransmission
as the impact of the change of vesicle recycling, we recorded the
eIPSC corresponding to 400 stimuli at different frequencies (10/
20Hz) in primary hippocampal neurons (Fig. 2). Similar to the
previous work on cultured cortical neurons (Shimojo et al.,
2019), we found no impact of loss of Syt11 on the first 100 AP-
evoked transmitter releases at 10 or 20Hz (Fig. 2C,D). However,
the significant phenotype of Syt11-KO, the enhancement of
IPSCs within largely prolonged period (longer than 25 s and 6 s
corresponding to 10Hz and 20Hz stimuli) could be observed
(Fig. 2E,F). These results suggested that Syt11 loss caused accel-
eration of endocytosis increases the reused vesicle availability,
and no phenotype can be observed before recycled vesicle partic-
ipation. Our studies confirmed that Syt11 deficiency enhances
SV endocytosis without directly affecting exocytosis (Wang
et al., 2016, 2018), leaving the molecular mechanism to be
elucidated.

The direct involvement of Syt11 in SV endocytosis was
strongly suggested as synaptosome fractionation experiments
and immunofluorescence analysis revealed the localization of
Syt11 at synapses (Fig. 4). Several lines of evidence converge on
the conclusion that Syt11 is mainly localized in the plasma mem-
brane of synapses to play its role in SV endocytosis. As reported
previously, Syt11 has been shown to regulate the number of
endocytic sites during neuronal endocytosis (Wang et al., 2016).
This study further showed that endogenous Syt11 was localized
in the plasma membrane (B-Dcre, Fig. 3A), membrane fractions
(F2 and F3, Fig. 4C), and synaptosomes (F4, Fig. 4C), while myc-
Syt11 partially colocalized with endocytic and exocytic proteins
(Fig. 4B,D). Maximov’s group (Shimojo et al., 2019) also
reported a Syt11 fraction on the axonal plasma membrane and in
the low-speed pellets of detergent-free brain homogenates. The
partial colocalization of Syt11 with SV proteins probably occurs
at the plasma membrane before SV proteins are internalized
(Fernandez-Alfonso et al., 2006; Darna et al., 2009; Mutch et al.,

/

quantified. The normalized endocytic fraction (L, one-way ANOVA: F¼ 12.59, ***p, 0.001;
PP-2 vs PP-1: ***p¼ 0.00002; PP-2 vs Blank: ***p¼ 0.0004) within the first 3 s after stim-
ulation showed significantly decreased endocytosis with PP-2 treatment compared with PP-
1, without changing exocytosis (I, one-way ANOVA: F¼ 0.35, p¼ 0.71). M–R, Example
traces (M), averaged DCm traces (N), and averaged normalized DCm traces (O) in the pres-
ence of different concentrations of PP-2 (1 mM, cyan, n¼ 17; 2 mM, red, n¼ 15; 5 mM,
blue, n¼ 10; 10 mM, green, n¼ 17) in the presynaptic pipette and blank control (black,
n¼ 17) at physiological temperature. The SV exocytosis within 2 s (P, one-way ANOVA:
F¼ 0.25, p¼ 0.91) and endocytosis within the first 3 s after stimulation were quantified
(Q, one-way ANOVA: F¼ 6.05, ***p¼ 0.00030; 10 mM vs Blank: ***p¼ 0.0001; 5 mM vs
Blank: **p¼ 0.0011). The normalized endocytic fraction (R, one-way ANOVA: F¼ 6.19,
***p¼ 0.00025; 10 mM vs Blank: ***p¼ 0.0009; 5 mM vs Blank: ***p¼ 0.0002; 2 mM vs
Blank: *p¼ 0.019) within the first 3 s after stimulation showed that the inhibition by PP-2
was dose-dependent, and saturated at 5 mM. Each group contains at least 8 mice. Data are
mean6 SEM. *p, 0.05. **p, 0.01. ***p, 0.001.
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2011) and Syt11 is not detected in the postendocytic SVs along the
recycling pathway (Takamori et al., 2006; Shimojo et al., 2019).
We also found Syt1, Syp1, and Syb2 in the plasma membrane to-
gether with TfR, Na1/K1 ATPase, and SNAP25 (B-cre and B-
DCre, Fig. 3A). The membrane localization of Syt11 is consistent
with the finding that the majority of endocytic proteins, including
clathrin, endophilin, and amphiphysin, are not found in SVs
(Takamori et al., 2006). It is plausible that a fraction of endocytic
proteins normally reside at the plasma membrane and function in
membrane internalization. Apparently, these proteins are absent
from most SVs in terminals. Importantly, our analysis showed
tight spatial coupling of Syt11 and EndoA1, which provides fur-
ther support for the direct interaction between these endocytic
proteins.

EndoA1 is highly enriched in the brain and reported to be
critical for CME, fast endocytosis in the ribbon synapse, and
ultrafast endocytosis (de Heuvel et al., 1997; Chen et al., 2003;
Llobet et al., 2011; Zhang et al., 2012; Watanabe et al., 2018).
Among the three endophilin A proteins (A1-A3) in the brain, A1
(EndoA1) is the most abundantly expressed and its acute block-
ade by antibody or KD leads to a range of synaptic defects in SV
exocytosis, endocytosis, spine morphogenesis, and stability
(Ringstad et al., 1999; Weston et al., 2011; Yang et al., 2015;
Zhang et al., 2015a). Moreover, EndoA1 is linked to several brain
disorders, such as Alzheimer’s disease, Parkinson’s disease, epi-
lepsy, and schizophrenia (Ren et al., 2008; Chang et al., 2017; Yu
et al., 2018; Corponi et al., 2019). Surprisingly, EndoA1-KO mice
appear normal while double or triple KO of endophilin A1-A3
causes severe neurologic defects (Milosevic et al., 2011), suggest-
ing a compensatory effect in the EndoA1-KO mice. Here we
found that EndoA1 interacted with Syt11 with high affinity (Fig.
5). The N-terminal BAR domain of EndoA1 self-assembles to
form a dimer and stabilizes the high curvature of the plasma
membrane (Daumke et al., 2014). On the other hand, the C-ter-
minal SH3 domain interacts with endocytic players in vesicle fis-
sion and clathrin uncoating (Gad et al., 2000; Verstreken et al.,
2003; Milosevic et al., 2011; Pechstein et al., 2015; Cao et
al., 2017). As EndoA1 plays roles in membrane sculpting (Cui et
al., 2009; Suresh and Edwardson, 2010; Mim et al., 2012;
McMahon and Boucrot, 2015; Poudel et al., 2016; Simunovic et
al., 2017), vesicle fission (Daumke et al., 2014), and clathrin
uncoating (Gad et al., 2000; Verstreken et al., 2003; Milosevic et
al., 2011), we proposed that Syt11 inhibits SV endocytosis mainly
through direct interaction with EndoA1. In support, we found
that Syt11 was in the same immunocomplex as EndoA1 in brain
extracts and they directly interacted in a Ca21-independent man-
ner (Fig. 5A–G), while Syt11 did not affect EndoA1 expression in
synapses (Fig. 5E). We also mapped the binding sequences in
both Syt11 and EndoA1 proteins and found that Syt11 bound
the N-terminal of EndoA1, not the SH3 domain which recruits
dynamin and synaptojanin. The binding site in Syt11 was
mapped to an amino acid sequence in its C2B domain (a.a. 314-
336, PP-2). We then used the strategy of direct application of the
peptides into terminals. The peptide experiments had two advan-
tages. First, this amino acid stretch of Syt11 was found to be specific
for EndoA1 targeting (it has no effect on EndoA1-KD neurons)
and thus led us to investigate the function of the Syt11–EndoA1
interaction. Second, acute peptide treatment circumvents the poten-
tial compensatory effects in KD or KO experiments.

In our study, inhibition of SV endocytosis by PP-2 was
observed not only in high K1 stimulation-induced endocytosis
on hippocampal synapses at room temperature but also in 40
AP-equivalent depolarizing pulses induced endocytosis in calyx

of Held synapses at physiological temperature (Fig. 8) (Granseth
et al., 2006; Watanabe et al., 2013; Delvendahl et al., 2016). In
hippocampal neuron terminals with mostly small synapses,
endocytic pathways include CME (Granseth et al., 2006) and
bulk endocytosis (Clayton and Cousin, 2009). At the calyx of
Held synapse, which is a giant glutamatergic synapse, endocytic
pathways may include a slow component because of CME and
bulk endocytosis, and a fast, possibly clathrin-independent,
endocytosis (Gan and Watanabe, 2018). Our experiments on the
calyx of Held were performed at physiological temperature on
immature mice (P8-P10) when both fast and slow endocytosis can
be recorded, and both were affected by intraterminal peptide appli-
cation (Fig. 8G–L) (Smith et al., 2008; Yamashita et al., 2010;
Watanabe et al., 2013). During maturation, synapses of the calyx of
Held undergo a developmental shift and different mechanisms of
fast and slow endocytosis are involved, including nanodomain
Ca21 as well as calmodulin and calcineurin independence (Hosoi et
al., 2009; Wu et al., 2009; Yamashita et al., 2010). As we found that
the Syt11-EndoA1 interaction was Ca21-independent (Fig. 5G), we
suggest that this interaction also regulates both forms of endocytosis
in mature synapses. Future studies are needed to answer this ques-
tion. EndoA1 is required for multiple modes of endocytosis (de
Heuvel et al., 1997; Chen et al., 2003; Llobet et al., 2011; Zhang et
al., 2012; Boucrot et al., 2015; Watanabe et al., 2018). The fact that
peptide application reduced SV endocytosis at both types of synapse
and partially rescued the phenotype in Syt11-KO hippocampal neu-
rons, mimicking the action of Syt11 as a down-regulator of EndoA1
activity, supports the conclusion that Syt11 inhibits EndoA1 func-
tion in different modes of SV endocytosis.

To investigate the impact of Syt11 on regulating membrane
protein retrieval, we examined the synaptic protein partition at
the plasma membrane. We found abnormal partition of TfR and
Syt1 while Syb2, Syp1, and SNAP25 were unaffected in Syt11-
KO neurons. These results show that Syt11 regulates the retrieval
fidelity of selective synaptic proteins. Interestingly, Mutch et al.
(2011) reported that a subset of SV proteins, including Syt1, SV2,
the proton ATPase, and Vglut1, are sorted to vesicles with high
precision, whereas other proteins, such as Syb2, Syp1, and syn-
aptogyrin, have a large variation in the numbers in single
vesicles. Our data suggest that Syt11 regulates the targeting syn-
aptic proteins that undergo high-precision retrieval. It is possi-
ble that these two classes of synaptic proteins have different
internalization mechanisms and the high-precision proteins
undergo relatively sophisticated sorting and checkpoint proc-
esses, which are more time-consuming. In the absence of Syt11,
SV endocytosis accelerates and the high-precision proteins fail
to be retrieved properly. TfR and Syt1 both undergo CME. TfR
is distributed all over the neuronal surface, including the syn-
apse, and is internalized constitutively (Rosendale et al., 2017).
The increased level of TfR on the plasma membrane could also
contribute to the enhanced Tf uptake previously reported in
Syt11-KD and -KO neurons (Wang et al., 2016, 2018). On the
other hand, Syt1 is highly enriched in neuronal synapses, and
we found decreased membrane partition of Syt1 in Syt11-KO
synapses. Syt1 retrieval is known to involve AP2 (Zhang et al.,
1994), stonin 2 (Kononenko et al., 2013; Kaempf et al., 2015),
and SV2 (Yao et al., 2010; Zhang et al., 2015b). The protein par-
tition at synaptic membrane is largely determined by synaptic
activity (Koo et al., 2011; Kononenko et al., 2013). As Syt11 did
not affect evoked exocytosis, the reduced Syt1 partition in
Syt11-KO synapses was most likely caused by increased endocy-
tosis. Therefore, we reason that Syt11 safeguards the high-preci-
sion synaptic protein retrieval by preventing the hyperactivity of
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SV endocytosis, helping to ensure the accurate recruitment/
enrichment of endocytic cargoes at endocytic sites.

To date, a few proteins have been proposed to safeguard the
precision of specific synaptic protein retrieval during SV endocy-
tosis (Gordon and Cousin, 2016), such as AP180/CALM for
Syb2 (Koo et al., 2011, 2015), stonin 2 and SV2 for Syt1 (Yao et
al., 2010; Kononenko et al., 2013; Kaempf et al., 2015; Zhang et
al., 2015b), and Syb2 for Syp (Gordon et al., 2011). A recent
study also reported Hsc70 as a checkpoint protein for cargo
incorporation during CME using a cell-free reconstitution
system (Chen et al., 2019). Here, we propose a novel mecha-
nism for precise synaptic protein homeostasis during SV
endocytosis. Syt11 downregulates SV endocytosis via interac-
tion with EndoA1 to ensure precise cargo recruitment at the
expense of endocytic rate. As both Syt11 and EndoA1 are
associated with Parkinson’s disease and schizophrenia, this
regulation may play important roles under physiological and
pathologic conditions.
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