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Exocytoms and endocytosis are tightly coupled. In addition to initiating exocytosis,
Ca®* plays critical roles in exocytosns—endocytoms couplmg in neurons and nonneuro-
nal cells. Both positive and negative roles of Ca®* in endocytosis have been reported;
however, Ca®* inhibition in endocytosis remains debatable w1th unknown mechanisms.
Here, we show that synaptotagmin-1 (Syt1), the primary Ca®* sensor initiating exocy-
tosis, plays bidirectional and opposite roles in exocytosis—endocytosis coupling by pro-
moting slow, small-sized clathrin-mediated endocytosis but inhibiting fast, large-sized
bulk endocytosis. Ca>*-binding ability is required for Sytl to regulate both types of
endocytic pathways, the dlsruptlon of which leads to inefficient vesicle recycling under
mild stimulation and excessive membrane retrieval followmg intense stimulation.
Ca’*-dependent membrane tubulation may explain the opposite endocytic roles of
Sytl and provides a general membrane-remodelmg workmg model for endocytosis
determination. Thus, Syt is a primary bidirectional Ca®* sensor facilitating clathrin-
mediated endocytosis but clamping bulk endocytosis, probably by manipulating mem-
brane curvature to ensure both efficient and precise coupling of endocytosis to
exocytosis.
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Endocytosis and subsequent vesicle recycling are spatiotemporally coupled to exocyto-
sis, which is critical for neurons and endocrinal cells to maintain the integrity of plasma
membrane architecture, intracellular homeostasis, and sustained neurotransmission
(1-3). In addition to triggering vesicular exocytosis, neural activity/Ca®* also play an
executive role in the coupling of endocytosis to exocytosis (1, 2, 4-6). Following a pio-
neermg study 40 y ago (7), extensive studies have been conducted and showed that
Ca®* triggers and facilitates vesicle endocytosis in neurons and nonneuronal secretory
cells (1, 8-11). Accumulating evidence also shows that intracellular Ca** may inhibit
endocytosis (12-15), which has been challenged greatly due to the apparently lower
occurrences in few preparatlons and the missing underlining mechanisms, making the
endocytic role of Ca®* a four-decades—long dispute (1, 2, 4, 6).

Machineries and regulators involved in exocytosis—endocytosis coupling have been
extensively studied for over 30 y. The soluble N-ethylmaleimide—sensitive factor attach-
ment protein receptors (SNAREs) and synaptophysin play critical dual roles in exocytosis
and endocytosis during neurotransmission (2 3, 16, 17). Calmodulin and synaptotagmin-
1 (Sytl) are currently known primary Ca* sensors facilitating endocytosis (1, 9, 16, 18,
19). Ca®*/calmodulin activate calcineurin, which dephosphorylates endocytic proteins
(e.g., dynamin, synaptojanin, and amphiphysin) to facilitate clathrin-mediated endocyt051s
(CME) and clathrin-independent fast endocytosis (1, 2). Sytl is a dual Ca®" sensor for
both exocytosis and endocytosis (5, 16, 18-20). It promotes CME through binding with
the endocytic adaptors adapror protein-2 (AP-2) and stonin-2 (21-24). In contrast to the
well-established Ca** sensors that promote endocytosis, the mechanism of Ca**-dependent
inhibition in endocytosis remains unknown.

CME is the classical but slow endocytosis pathway for vesicle retrieval under resting
conditions or in response to mild stimulation, while the accumulated Ca®* also triggers
calmodulin/calcineurin-dependent bulk endocytosis, which takes up a large area of
plasma membrane to fulfill the urgent requirement for high-speed vesicle exocytosis
(1-3). They cooperate with kiss-and-run and ultrafast endocytosis to ensure both suffi-
cient and precise membrane retrieval following exocytosis (3, 25-27). These endocytic
pathways are all initiated from membrane invagination and are critically controlled by
neural activity. However, how the switch between different endocytic modes is pre-
cisely determined remains largely unknown.
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Significance

Precise and efficient coupling of
endocytosis to exocytosis is critical
for neurotransmission. The activity-
dependent facilitation of
endocytosis has been well
established for efficient membrane
retrieval;, however, whether neural
activity clamps endocytosis to avoid
excessive membrane retrieval
remains debatable with the
mechanisms largely unknown. The
present work provides compelling
evidence that synaptotagmin-1
(Syt1) functions as a primary
bidirectional Ca®* sensor to
promote slow, small-sized clathrin-
mediated endocytosis but inhibit
the fast, large-sized bulk
endocytosis during elevated neural
activity, the disruption of which
leads to inefficient vesicle recycling
under mild stimulation but
excessive membrane retrieval
following sustained
neurotransmission. Thus, Syt1
serves as a fine-tuning Ca** sensor
to ensure both efficient and precise
coupling of endocytosis to
exocytosis in response to different
neural activities.
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Here, by combining electrophysiological recordings, confocal
live imaging, superresolution stimulated emission depletion
(STED) imaging, in vitro liposome manipulation, and electron
microscope imaging of individual endocytic vesicles, we define
Sytl as a primary and bidirectional Ca** sensor for endocyto-
sis, which promotes CME but inhibits bulk endocytosis, proba-
bly by mediating membrane remodeling. The balance between
the facilitatory and inhibitory effects of Sytl on endocytosis
offers a fine-tuning mechanism to ensure both efficient and pre-
cise coupling of endocytosis to exocytosis. By including a non-
Ca’*-binding Syt as the constitutive brake, this work also
explains the four-decades—long puzzle about the positive and
negative Ca”" effects on endocytosis.

Results

Syt1 Bidirectionally Regulates Endocytosis during Synaptic
Transmission. Sytl is a well-established primary Ca** sensor
that triggers vesicular exocytosis by forming the fusion machinery
with the SNARE complex and plasma membrane (5). To deter-
mine whether Sytl is also involved in exocytosis—endocytosis cou-
pling during neurotransmission, we performed live imaging of
synaptophysin—pHluorin (Syp—pH) (3, 28) in hippocampal nerve
terminals with or without Sytl knockdown (KD) (Fig. 1 A and
B). Due to lower transfection efficiency in neurons, the KD effi-
ciency and rescue effects were confirmed by Western blot in
HEK cells and immunofluorescence in dorsal root ganglion
(DRG) and hippocampal neurons (SI Appendix, Fig. S1). Consis-
tent with previous reports (21, 22), Syt1-KD neurons showed a
decreased endocytic rate with a longer time constant following
weak depolarization with 45 mM KCI stimulaton (10 s; S/
Appendix, Figs. S2 and S3), confirming the facilitatory role of
Sytl in synaptic endocytosis. In contrast, the endocytic fluores-
cence decay was greatly accelerated in Syt1-KD neurons during
prolonged and elevated neuronal activity (30 s of 70 mM KCI;
Fig. 1 A-E and S/ Appendix, Fig. S2), which was shown to trigger
bulk endocytosis (26, 29). The fluorescence decay fitted well to a
double-exponential function, and the initial fast phase was greatly
accelerated by Sytl KD while the subsequent slow phase
decreased significantly (Fig. 1 F-H), suggesting that Sytl inhibits
the fast component but promotes the slow phase of endocytosis
during sustained neuronal activity. In addition, Sytl KD also
induced the reduction of fluorescence increase (SI Appendix, Fig.
S4) and greatly increased the probability of fluorescence over-
shoot following endocytosis (Fig. 1 I and ]), representing the
disturbance of exocytosis—endocytosis coupling and excessive
membrane retrieval after exocytosis. Importantly, the KD effect
was fully rescued by overexpressing a short hairpin RNA
(shRNA)-resistant form of Sytl (Fig. 1 and SI Appendix, Figs.
S1, 83, and S4), demonstrating the bidirectional role of Sytl in
synaptic endocytosis.

Consistently, patch clamp membrane capacitance (C,)
recordings showed a similar endocytic role of Sytl following
the somatic secretion of the primary sensory DRG neurons.
The endocytic rate of Sytl-KD neurons was much slower
under mild stimulation (single-pulse depolarization) but faster
under intense (2-Hz train) stimulation than in control neurons
(S Appendix, Fig. S5 A-D). Similarly, following sustained stim-
ulation, the fast phase of C,, decay was greatly accelerated
by Sytl KD, while the subsequent slow phase decreased sig-
nificantly (S/ Appendix, Fig. S5 E-G), confirming that Sytl
inhibits the fast component but promotes the slow phase of
endocytosis during elevated neuronal activity. Consistent with
Syp—pH imaging in synaptic boutons, Sytl KD substantially
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increased the probability of C,, overshoot (SI Appendix, Fig.
S50), suggesting the requirement of Sytl in maintaining the
balance of exocytosis—endocytosis, especially during sustained
neuronal activity. As expected, the endocytic defects in KD
neurons were fully rescued by full-length Sytl (S Appendix,
Fig. S5). Thus, Sytl bidirectionally regulates endocytosis dur-
ing neurotransmission.

Syt1 Differentially Regulates Endocytosis of Small-Sized and
Large-Sized Vesicles. To further characterize the role of Sytl in
exocytosis—endocytosis coupling, we imaged fixed hippocampal
neurons after performing dextran (10 kDa) uptake and com-
pared the sizes of individual endocytic vesicles in KD and con-
trol synaptic boutons with STED superresolution (~40-nm)
microscopy (30, 31). Syp—pH was expressed to indicate vesicu-
lar organelles, and the fluorescent dextran spots surrounded by
Syp—pH rings were identified as endocytic vesicles (Fig. 2 A
and B). In control and rescue boutons, we observed a single
population of small endocytic vesicles with a diameter of ~50
nm (Fig. 2 C-F), which remained intact in Syt1-KD boutons
under resting conditions (SI Appendix, Fig. S6 A-C). In con-
trast, an additional group of large-sized endocytic vesicles
(~110 nm) were observed in KD boutons in response to 70
mM KCI stimulation (Fig. 2 C-F), suggesting the increased
occurrence of activity-dependent bulk endocytosis in the
absence of Sytl. Consistently, both the density and proportion
of endocytic small vesicles (@ < 65 nm) decreased, while that
of large endocytic vesicles (@ > 65 nm) increased greatly in
KD boutons under elevated neuronal activity (Fig. 2 G and H
and SI Appendix, Fig. S6 D and E), suggesting critical roles of
Sytl in facilitating small-sized, but clamping large-sized, vesicu-
lar endocytosis.

To further confirm the bidirectional roles of Sytl in
exocytosis—endocytosis, we performed the conditional knockout
(cKO) of Sytl by infecting hippocampal neurons from homo-
zygous floxed Sytl-null mice with Cre recombinase—carrying
AAV2/9 virus (Fig. 3A). The FLEx*’-based Syp—pH-
overexpressing virus was codelivered with Cre virus for the real-
time visualization of synaptic exocytosis—endocytosis (Fig. 3A).
Consistently, Sytl-cKO boutons showed a decreased endocytic
rate following depolarization with 45 mM KCI (Fig. 3 B-D),
while fluorescence decay was greatly accelerated following 70
mM KClI stimulation (Fig. 3 E and F). Similarly, the fluores-
cence decay in Sytl-cKO boutons also fitted well to a double-
exponential function (Fig. 3 E and F), where the initial fast
phase greatly accelerated and the subsequent slow phase
decreased (Fig. 3 E-H). The phenomenon was further con-
firmed in Syt1-cKO hippocampal neurons elicited with electri-
cal stimuli (mimicking action potentials) at physiological
temperature (SI Appendix, Fig. S7), confirming the bidirec-
tional roles of Sytl in fast versus slow endocytosis during syn-
aptic transmission. Upon STED imaging of synaptic boutons
following stimulus-coupled dextran (10-kDa) uptake, we con-
firmed the single population of small endocytic vesicles in con-
trols (Fig. 3 I and ]), while an additional group of large-sized
vesicles was observed in Syt1-cKO boutons (Fig. 3 I and K).
Furthermore, the number and proportion of small endocytic
vesicles decreased greatly while that of large endocytic vesicles
increased in Syt1-cKO boutons (Fig. 3 L and M). Importantly,
horseradish peroxide (HRP) uptake and transmission electron
microscopy imaging showed decreased HRP-labeled small
vesicles and the appearance of bulk-like large endosome struc-
tures in Syt1-cKO hippocampal synapses (Fig. 3 N-P). Collec-
tively, these results demonstrate that Sytl promotes small-sized
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Fig. 1.

Syt1 bidirectionally regulates the fast and slow phases of endocytosis in synaptic boutons. (4) Sample images showing Syp-pH fluorescence in pre-

synaptic boutons of scrambled shRNA control (Ctrl) or Syt1-KD hippocampal neurons 15 s before, 15s, 30 s, 120 s, and 180 s after KCl stimulation. (Scale
bars, 5 um.) (B) Cartoon illustration and fluorescence changes (AF/Fy) showing the real-time imaging of Syp-pH during exocytosis and endocytosis as in A.
(C-E) Normalized fluorescence changes (mean + SEM) of Syp-pH in control (C; n = 178), Syt1-KD (D; n = 180), and rescue (E; n = 236) hippocampal synapses
in response to 70 mM KCl stimulation (30 s). (F) The overlaid fluorescence endocytic decay as in C-E. The traces were fitted to a double-exponential function
(solid traces). (G and H) Fast (G) and slow (H) time constants of endocytosis recorded as in C-E. (/ and /) Representative fluorescence trace (/) and statistics (/)
of endocytic overshoot in hippocampal neurons. Error bars indicate SEM. In the box plots, the central line of each box represents the median, the edges of
the box represent the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th data points. Data were collected from six independent experi-
ments. A one-way ANOVA (G and H) or Fisher's exact test (/) was performed; ***P < 0.001.

(slow phase), but inhibits large-sized (fast phase), vesicular
endocytosis during neurotransmission.

Syt1 Is a Ca®* Sensor Facilitating CME but Inhibiting Bulk
Endocytosis. CME is a classical but slow endocytosis pathway
with small-sized (~50-nm) endocytic vesicles (32), while accu-
mulated Ca** also triggers calmodulin-dependent bulk endocy-
tosis (SI Appendix, Fig. S8 and refs. 26 and 33), which forms
large intracellular endosomes with diameters of over 100 nm.
Sytl is known to promote CME via binding to AP-2 and
stonin-2 (3, 5, 16, 18, 24, 34); however, whether and how
Sytl is involved in bulk endocytosis regulation remains
unknown. Nonetheless, the increased vesicle size at rest and
abundant large endosome structures following stimulation in
Syt1-KO synapses imply a possible inhibitory role of Sytl in
bulk endocytosis (21, 35). Thus, we hypothesized that Sytl
functions as a bidirectional Ca®* sensor to promote CME but
inhibit bulk endocytosis during neurotransmission.

PNAS 2022 Vol.119 No.20 2111051119

To test this hypothesis, we used transferrin (Tf) uptake (Fig.
4A) to assess CME and large dextran (40-kDa) uptake (Fig.
4G) to quantify bulk endocytosis in the somata of DRG neu-
rons (25, 26). We found that Tf uptake was §reatly accelerated
by increasing the [Ca®*], (extracelluar Ca®* concentration)
from 2.5 to 10 mM (Fig. 4B and SI Appendix, Fig. S9A) but
diminished by the preloading of a membrane-permeable potent
Ca** chelator 1,2-Bis (2-aminophenoxy) ethane-N,N,N’,N’-
tetraacetic acid tetrakis, acetoxymethyl ester (BAPTA-AM)
(Fig. 4C and SI Appendix, Fig. S9B). Electron microscopy
experiments showed the Ca®*-dependent increase of clathrin-
coated pits and bulk-like structures along the plasma membrane
(ST Appendix, Figs. S9 and S10A). Similarly, the internalized
puncta of 40-kDa dextran increased greatly following elevated
[Ca®™); (intracelluar Ca®* concentration) upon KCl stimula-
tion (Fig. 4H). Furthermore, under 2-Hz train stimulation,
transient application of 10 mM [Ca*™], increased the fre-
quency of bulk endocytic events and sped up the fission rate of
single bulk events, leaving exocytosis mainly unchanged (S/
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Fig. 2. Syt1 bidirectionally regulates small- and large-sized endocytosis in synaptic boutons. (A and B) Cartoon illustration and sample images showing the
confocal and STED imaging of Syp-pH and endocytosed dextran (10 kDa) in hippocampal synaptic boutons following KCI stimulation. Endocytic vesicles
were identified as dextran-positive (red) Syp-pH rings (green) as indicated in B (Bottom). (Scale bars, 20 um [A], 1 um [B, Top], and 200 nm [B, Bottom]). (C-F)
Representative micrographs and histogram showing the size of endocytic vesicles (dextran-positive) in scrambled control, Syt1-KD, and rescue boutons fol-
lowing 70 mM KCI stimulation (2 min). (Scale bar, 100 nm.) The dashed and solid traces in D-F are the individual and overall fits to single or multiple (KD
with KCI stimulation) Gaussian functions. A single peak at ~50 nm in D and F and multiple peaks at ~50 and ~105 nm in E are shown. (G and H) Statistics of
small (G; @ < 65 nm) and large (H; @ > 65 nm) endocytic vesicles in scrambled control, Syt1-KD, and rescue boutons following 70 mM KCI stimulation as in
C-F. Data were collected from four independent experiments and were analyzed by one-way ANOVA; ***P < 0.001.

Appendix, Fig. S10 B-E). These data Vahdate that CME and
bulk endocytosis in peripheral neurons are Ca** dependent

Next, we determined whether Syt1 functions as a Ca>* sen-
sor to regulate CME and bulk endocytosis (25, 26). As
expected, Sytl KD significantly reduced Tf uptake (Fig. 4 E
and F) but increased large dextran uptake (Fig. 4 I and J),
which were completely rescued by full-length Sytl. Consis-
tently, Sytl-cKO DRG neurons also showed decreased Tf
uptake and increased large dextran uptake (SI Appendix, Fig.
S11), confirming our hypothesis that Sytl facilitates CME but
inhibits bulk endocytosis in neurons.

4 0of 12 https://doi.org/10.1073/pnas.2111051119

To determine whether Ca**-binding activity 1s critical for
Sytl to regulate exocytosis—endocytosis, two Ca’* ligands in
the C2A and/or C2B domain of Sytl were neutralized by
substltutmg the native aspartlc acid (Asp) residues with aspara-
gines (Asn) to attenuate Ca? —bmdmg ability (Fig. 4D) (16).
All mutants showed similar expression levels with that of wild-
type Sytl (87 Appendzx, Fig. S1). As expected, complete abol-
ishment of Ca®*-binding ability (C2A*~C2B*) prevented Sytl
from rescuing both Tf and dextran uptake in KD neurons (Fig.
4 F and J), demonstrating that Syt functions as a Ca*" sensor
to promote CME but inhibit bulk endocytosis. Either the
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Fig. 3. Syt1 promotes slow-phase small-sized endocytosis but inhibits fast-phase large-sized endocytosis in synaptic boutons. (A) Cartoon illustration of viral
infection for the Cre-dependent knockout of Syt1 and specific expression of Syp-pH in Syt?”/ hippocampal neurons. (B and C) Normalized fluorescence
changes (mean + SEM) of Syp-pH in control (B) and Syt1-cKO (C) synapses in response to 45 mM KCl stimulation. The traces were fitted to an exponential
function (solid traces). (D) The time constant of endocytosis recorded as in B and C. (E and F) Normalized fluorescence changes (mean + SEM) of Syp-pH in
control (E) and Syt1-cKO (F) synapses in response to 70 mM KCI stimulation. The traces were fitted to a double-exponential function (solid traces). (G and H)
Fast (G) and slow (H) time constants of endocytosis recorded as in £ and F. (/) Representative micrographs showing the STED imaging of Syp-pH and endocy-
tosed dextran (10 kDa) in Syt1-cKO hippocampal synaptic boutons following 70 mM KCI stimulation (2 min). (Scale bar, 1 pm.) (/ and K) Histograms showing
the diameter distribution of endocytic vesicles (dextran-positive) in control (/) and Syt1-cKO (K) boutons as in /. The dashed and solid traces are the individual
and overall fits to single (control) or multiple (cKO) Gaussian functions. (L and M) Statistics of small (L; @ < 65 nm) and large (M; @ > 65 nm) endocytic vesicles
in control and Syt1-cKO boutons following 70 mM KCI stimulation as in /-K. (N) Representative electron micrographs of HRP uptake following 2-min 100 mM
K* stimulation. (Scale bar, 500 nm.) (O and P) Statistics of small endocytic vesicles (® < 65 nm, arrows) and large endosomes (@ > 65 nm, arrowheads) in
control and Syt1-cKO boutons as in N. In the box plots, the central line of each box represents the median, the edges of the box represent the 25th and
75th percentiles, and the whiskers extend to the most extreme data points. Data were collected from four to five independent experiments and were ana-
lyzed by Mann-Whitney U test; **P < 0.01, ***P < 0.001.

C2A-only (C2A*-C2B) or the C2B-only (C2A-C2B*) muta- redundant for CME, consistent with previous studies (16). In
tion restored the KD-decreased Tf uptake (Fig. 4F), indicating  contrast, large dextran uptake was critically dependent on the
that the Ca**-binding sites of the C2A and C2B domains are ~ Ca®*-binding site of the C2B domain only but not the C2A
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Fig. 4. Sytl is a Ca®* sensor facilitating CME but inhibiting bulk endocytosis in neuronal somata. (4) Cartoon illustration of Tf uptake through CME. (8) Tf
uptake in DRG neurons in 2.5 or 10 mM [Ca®*],. Right, quantification of Tf fluorescence density. (C) As in B, but with 0.1% dimethyl sulfoxide (DMSO; control)
or BAPTA-AM (with DMSO) in the 2.5 mM Ca%* solution. (D) Diagram of the mutant forms of Syt1 used for rescue experiments (wild-type, 2DN [*] mutants in
C2A and/or C2B, or KKAA mutant). (E and F) Representative images (F) and quantification (F) of Tf uptake in control and Syt1-KD DRG neurons with or without
rescue by the indicated forms of Syt1. (G) Cartoon illustration of large dextran (40 kDa) uptake through bulk endocytosis. (H) Representative z-projected fluo-
rescence images (Left) showing 40-kDa dextran uptake in DRG neurons stimulated with 15 or 100 mM K*. Quantification is shown on the Right. (/ and /) Rep-
resentative z-projected fluorescence images (/) and statistics (/) of large dextran (Dex) uptake by control and Syt1-KD DRG neurons with or without rescue by
the indicated forms of Syt1. (Scale bars, 5 pm [B and (], 10 um [H], and 20 pm [E and /]). In the box plots, the central line of each box represents the median,
the edges of the box represent the 25th and 75th percentiles, and the whiskers extend to the most extreme data points. Data were collected from three to
five independent experiments and were analyzed by Mann-Whitney U test; *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

domain (Fig. 4]). The conserved poly-lysine region of the C2B
domain, which has been shown to affect CME by binding to
AP-2 and stonin-2 (16, 24), was essential for Tf uptake but not
dextran uptake (KKAA mutang; Fig. 4 D, F, and ]). These ﬁnd—
ings demonstrate the critical roles of Sytl as a primary Ca**
sensor to promote CME and inhibit bulk endocytosis during
somatic secretion.

To further confirm the function of Sytl in synaptic endocy-
tosis, we performed similar rescue experiments on Sytl-KD
hippocampal nerve terminals (Fig. 5A), which was shown to
have reduced small-sized vesicles but increased large-sized
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vesicles (Fig. 2). Similarly, either the C2A*-C2B or the
C2A—C2B* mutant restored the small-sized vesicles, while the
functional C2B domain is sufficient to rescue the large-sized
vesicles (Fig. 5 B-E and G-L), confirming redundant roles of
both C2 domains in CME and the critical role of the C2B
domain in bulk endocytosis. In addition, the KKAA mutation
prevented Sytl from rescuing the small-sized, but not large-
sized, endocytlc vesicles (Fig. 5 F-L). Altogether, Sytl functions
as a Ca”* sensor facilitating CME but clamping bulk endocytosis
to ensure a precise coupling of endocytosis to exocytosis during
both somatic secretion and synaptic transmission.

pnas.org
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Fig. 5. Syt is a Ca®" sensor facilitating CME but inhibiting bulk endocytosis in synaptic boutons. (A) Cartoon illustration of STED imaging of Syp-pH and
endocytosed dextran (10 kDa) in Syt1-KD hippocampal synaptic boutons with the rescue of indicated Syt1 mutants. (B-F) Histograms showing the diameter
distribution of endocytic vesicles (dextran-positive) in Syt1-KD boutons with the rescue of indicated Syt1 mutants following 70 mM KCI stimulation (2 min).
The dashed and solid traces are the individual and overall fits to single or multiple (C2A-C2B*, C2A*-C2B*, KKAA) Gaussian functions. (G-L) Statistics of small
(@ < 65 nm) and large (@ > 65 nm) endocytic vesicles in Syt1-KD and rescue boutons as in B-F. Data were collected from four independent experiments and

analyzed by one-way ANOVA; **P < 0.01, ***P < 0.001.

Syt1 Ca%* Dependently Mediates Membrane Tubulation and
Remodeling. To understand why the Ca**-binding site of the
C2B domain but not C2A domain is critical for the inhibitory
role of Sytl on bulk endocytosis, we tested the ability of differ-
ent C2 domains of Sytl to induce membrane curvature with
in vitro liposome manipulation and negative stain electron
microscopy. As expected, the wild-type C2A-C2B fragment
(with the transmembrane domain truncated) converted lipo-
somes into long, thin ligid tubules in the presence of 1 mM
Ca®* but not in the Ca**-free and 1 mM ethylene glycol-bis
(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA)-
containing bath solution (Fig. 6 A and B). Similar to a previous
report (36), the fraction of tubulated liposomes decreased
greatly for Syt mutants with the Ca®*-binding ability of either
C2A or C2B domain abolished (Fig. 6 A and B). Although
C2A*-C2B and C2A-C2B* fragments exhibited similar defects
in membrane tubulation, interestingly, the tubulated liposomes
showed differences in that the C2A*~C2B kept its ability to
convert liposomes into thin tubules, but the C2A-C2B*

PNAS 2022 Vol.119 No.20 2111051119

showed much more thick tubules (Fig. 6 A-D). In addition,
C2A*-C2B* exhibited a similar level of thick tubules as
C2A-C2B*, and KKAA showed a similar level of thick tubules
as C2A*-C2B (Fig. 6 A-D). These data indicate that the C2B
domain of Sytl has stronger tubulation activity than the C2A
domain and thus can effectively convert the thick tubules into
thin ones, which may explain why the C2B domain of Sytl is
essential to inhibit bulk endocytosis.

Ca?*-Binding and Non-Ca®*-Binding Syts Cooperate to
Regulate Endocytosis. Although we have revealed the molecu-
lar mechanism for Ca** inhibition in endocytosis, a conspicu-
ous question of why the inhibitory effect is only observed in
few preparations remains to be resolved (6-8, 12, 13). Simi-
larly, we did not observe Ca®* inhibition in endocytosis in
control DRG neurons (SI Appendix, Fig. S12 A and B). Con-
sidering that Syt11, a highly expressed non-Ca”*—binding Syt
in DRG neurons, constitutively inhibits both CME and bulk
endocytosis (25, 28), we tested the Ca** dependency of C,,
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decay in the absence of this constitutive brake of endocytosis.
As expected, the C,, decay in control neurons was accel-
erated substantially with a smaller time constant (z) by increas-
ing membrane depolarization from 100 ms to 200 ms
(81 Appendix, Fig. S12 A and B). Consistent with our previous
findings (25), the C,, decay in Syt11-KD neurons fitted well to
a double-exponential decay function (S Appendix, Fig. S120),
representing accelerated bulk endocytosis and CME. Strikingly,
the initial phase of exocytosis—endocytosis was slowed down,
while the subsequent slow phase accelerated significantly fol-
lowing the increased pulse st1mulat10n (SI Appendix, Fig. S12
C-G), indicating that increased Ca®" influx inhibits the fast
component but promotes the slow phase of endocytosis in the
absence of Syt11. Thus, this work provided an 1n51ghtful mech-
anism that the apparent conflict effects of Ca®* on endocytosis
in different preparatlons is probably due to different expression
patterns of Ca”*-sensing proteins (e.g., calmodulin and Sytl)
and non-Ca”*"—binding Syts (e.g., Syt11 as a constitutive brake)
that cooperate to provide a diversified precise regulation of
exocytosis—endocytosis coupling.

Discussion

Endocytosis is spatiotemporally coupled to exocytosis in neu-
rons and endocrinal cells, while machineries and regulators
involved in the coupling remain elusive. Both posmve 8, 9,
37) and negative (12, 13) roles of neural actwlty/Ca in endo-
cytosis have been reported, making the endocytic role of Ca**

a four-decades—long dispute (1, 2, 4, 6). In contrast to the well-
established Ca®* sensors (calmodulin and Syt1) that promote
endocytosis, the Ca? *-dependent inhibitor(s) for endocyt051s
have never been reported. Here, we identify Sytl as a primary
Ca®* sensor to facilitate CME for efficient vesicle recycling but
surprisingly inhibit bulk endocytosis to prevent excessive mem-
brane retrieval especially during sustained neuronal activity
(Fig. 6E). Thus, the balance between the facilitatory and inhibi-
tory effects of Sytl on endocytosis offers a fine-tuning mecha-
nism to ensure both the efficient and precise coupling of
endocytosis to exocytosis especially during bursting activity,
which is essential for maintaining sustainable secretion and a
stable membrane structure.

The primary finding of the present work is the bidirectional
role of Sytl in exocytosis—endocytosis, which is supported by
the following evidence: 1) the fluorescence decay of Syp—pH in
Sytl-KD synaptic boutons was decreased upon 45 mM KCI
stimulation but accelerated in response to 70 mM KCl stimula-
tion (Fig. 1 A-E and S/ Appendix, Fig. S3); 2) Sytl KD
speeded up the fast phase but slowed down the slow phase of
Syp—pH fluorescence decay upon 70 mM KCl stimulation
(Fig. 1 C-H); 3) Sytl KD substantially increased the fraction
of Syp—pH fluorescence overshoot (Fig. 1 I and ]); 4) a similar
phenomenon was also observed in primary sensory DRG neu-
rons via C,, recordings (SI Appendix, Fig. S5); 5) Sytl KD
decreased the small-sized but increased the large-sized endocytic
vesicles in synaptic boutons (Fig. 2); 6) synaptic endocytosis in
Syt1-KD neurons was reproduced in Syt1-cKO boutons (Fig. 3
and S/ Appmdzx, Fig. S7); 7) Tf uptake was Ca®* dependent
and decreased in Sytl-KD neurons (Fig. 4 A-F); 8) Ca 2+
dependent large dextran uptake was increased in Sytl-KD
neurons and restored by full-length Sytl (Fig. 4 G-J); 9) the
Ca®*-binding abilities of C2A and C2B domains are redundant
for Sytl to promote Tf uptake (Fig. 4F) while that of the C2B
domain is critical for Sytl to inhibit large dextran uptake (Fig.
4]); 10) the Ca**-binding ability is similarly required for Sytl

PNAS 2022 Vol.119 No.20 2111051119

to promote small-sized endocytic vesicles (Fig. 5 G-I) but
inhibit large-sized endocytic vesicles durlng synaptic transmis-
sion (Fig. 5 J-L); and 11) Sytl Ca** dependently mediates
membrane tubulation and curvature (Fig. 6 A-D). Together,
these findings demonstrate that Sytl serves as a primary Ca**
sensor to promote CME but clamp bulk endocytosis.

Unlike Ca®* sensors that accelerate endocytosis (1, 2, 9),
Ca”*-dependent inhibitors for endocyt051s have never been
reported, leaving the mechanism of Ca** inhibition in endocy-
tosis a long mystery. Recently we have shown that Syt11 serves
as a Ca”*-independent inhibitor for endocyt051s (3, 19, 25,
28). Here, we defined that Sytl, the primary Ca®* sensor initi-
ating SNARE- dependent vesicular exocytosis (38—41) and a
well-established Ca®* sensor that promotes CME (3,5, 16, 18,
24, 34), also functions as the primary Ca®* sensor clamping
endocytosis during sustained neuronal activity, the disruption
of which leads to excessive membrane retrieval. Recently,
emerging evidence has shown that temperature is an important
factor involved in exocytosis—endocytosis coupling, and clathrin
may mediate endocytosis mainly at room temperature, whereas
ultrafast endocytosis is dominant at physiological temperature
(27, 42). To further confirm the endocytic role of Sytl at phys-
iological temperature, we performed Syp-pH imaging, Tf
uptake, dextran uptake, HRP uptake, and electron microscopy
imaging and found that Syt1 has similar bidirectional effects on
endocytosis at physiological temperature (37 °C) as at room
temperature (Figs. 3 N-P and 4 and SI Appendix, Fig. S7).
Considering that bulk endocytosis and the recently defined
ultrafast endocytosis share multiple similarities (27, 42) (e.g.,
fast speed, large size, and clathrin-dependent regeneration of
synaptic vesicles from endocytic endosomes), it will be of inter-
est to study the effect of Sytl on ultrafast endocytosis in the
future. Nonetheless, this work uncovered the mechanisms
underlying Ca®" inhibition in endocytosis.

Structure—functional analysis revealed that the Ca**-binding
capacity of C2A and C2B domains are redundant for Sytl to
promote CME, while the inhibition of bulk endocytosis is only
critically dependent on the Ca**-binding ability of the C2B,
but not the C2A, domain (Figs. 4 and 5). In addition, the con-
served poly-lysine region KKAA in the C2B domain is essential
for CME but not bulk endocytosis (Figs. 4 and 5), which is
consistent with the report that Sytl promotes CME through
direct binding to AP-2 and stonin-2 via its poly-lysine region
(24). The redundant role of C2A and C2B in CME is also con-
sistent with a previous study in which the function of Sytl in
exocytosis and endocytosis was decoupled (16). Regarding the
essential role of the C2B domain in bulk endocytosis, our
in vitro data of liposome manipulation indicate that the C2B
domain of Sytl has stronger tubulation activity than the C2A
domain and thus can effectively convert the membrane into
thin tubules, which may explain the Ca**-dependent inhibition
of Sytl in bulk endocyt051s During elevated neuronal activity,
accumulated Ca®* activates calmodulin/calcineurin-dependent
bulk endocytosis, which is restrained by the C2B domain of
Sytl because of its tubulation activity. Thus, the inhibitory
effect of Sytl only comes into play when bulk endocytosis is
triggered, for instance under intense stimulation (Figs. 1-3) or
following decreased Syt 11 expression (S Appendix, Fig. S9 and
ref. 25).

Considering the possible overlapping function of different
Syt isoforms, we further compared the rescue effects of other
Ca’*-binding Syts, for example, Syt2 and Syt7 in Sytl1-KD
neurons. Interestingly, Syt2 showed only a partial rescue effect
on both the fast and the slow phases of exocytosis—endocytosis
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in Syt1-KD neurons (S/ Appendix, Fig. S13). By contrast, Syt7
fully rescued the fast component but only partially rescued the
slow component (87 Appendix, Fig. S13). These results indicate
that, similar to their compensatory roles as Ca** sensors initiating
exocytosis (41, 43—46), different Syt isoforms may play similar,
but not exactly the same, roles in different endocytic pathways
and may coordinate to regulate exocytosis—endocytosis couplmg
in response to different neural activity. In contrast to the Ca**
dependent bidirectional roles of Sytl and other Ca’ —bmdmg
Syts in exocytosis—endocytosis, the non-Ca**—binding Syt11 (41,
47, 48) constitutively inhibits CME and bulk endocytosis (25,
28). The architecture basis and kinetic changes of Syt proteins
during distinct endocytic pathways should be new fundamental
questions deserving extensive and systematic studies in the future.

Collectively, these findings define a fine- tunmg mechanism of
Ca2+—dependent neuronal endocytosis that requires coordination
of the Erlmary Ca”* sensors (e.g., Sytl and calmodulin) and
non-Ca”*—binding Syts (e.g., Syt11 as a constitutive brake). Syt1
functions as a positive regulator to accelerate CME to ensure an
efficient exocytosis—endocytosis. Followmg elevated neural/Ca®*
activity, calmodulin functions as a positive regulator to initiate
bulk endocytosis, whereas Sytl in turn serves as a negative regula-
tor to clamp bulk endocytosis to prevent excessive membrane
retrieval. This working model explains how neurons keep the pre-
cise coupling of endocytosis to exocytosis even during elevated
activity. Our ﬁndlngs have not only uncovered a molecular
mechanism for the Ca**-dependent inhibition of endocytosis but
also provided a general membrane-remodeling working model for
membrane fusion—fission regulation, which will probably end the
four-decades-long dlspute about the facilitatory (8, 9) and inhibi-
tory (12, 13) role of Ca* in vesicular endocytosis.

Methods

Plasmids and Virus. The full-length rat Syt1 (NM_001033680) was subcloned
into pCMV5 (Clontech). The nucleotide target sequence, G CAA ATC CAG AAA
GTG CAA GT (shSyt1), was chosen to silence the expression of Syt1. A random
sequence, TTC TCC GAA CGT GTC ACG T, which was predicted to target no genes
in human, rat, and mouse cells, was chosen as a negative control (Guangzhou
Ribo Bio Co., Ltd). Annealed double-stranded oligonucleotides encoding the tar-
get sequences were inserted into the vector pRNAT-H1.1-RFP/GFP to generate
plasmids expressing shRNAs against Syt1. An RNA interference (RNAi) shSyt1-
resistant form of rSyt1 for the rescue experiments was generated by introducing
the following silent mutations: G CAG ATT CAA AAG GTT CAA GT. The D230,
232N mutant (C2A*), D363, 365N mutant (C2B*), D230, 232, 363, 365N
mutant (C2A*-C2B*), K345 and 346A mutant (KKAA) were generated from the
RNAi-resistant form of Syt1. All mutants were produced by PCR using the Quik-
Change site-directed mutagenesis kit (Stratagene). Syp-pH was kindly gifted by
Yongling Zhu (The Salk Institute for Biological Studies). All constructs were veri-
fied by DNA sequencing. The AAV2/9-Syn-Cre virus was from Shanghai Heyuan
Biotech, and AAV2/9-Syn-DIO-Syp-pHIuorin virus was produced and verified by
Hanbio Biotechnology Co., Ltd.

Antibodies. The primary antibodies used for Westem blotting and immunofluo-
rescence were anti-actin (A5316, Sigma) and anti-Syt1 (105311, Synaptic Sys-
tem). The secondary antibody used for Western blotting was IRDye 680CW goat
anti-mouse 1gG (LIC-926-32220, LI-COR Biosciences), and the secondary anti-
body used for immunofluorescence staining was Alexa Fluor 488 goat anti-
mouse IgG (H+L) (A11029) from Invitrogen.

Animals. The floxed Syt1-null transgenic mice were kindly gifted by Peng Cao
(National Institute of Biological Sciences) with the permission of Thomas C. Sud-
hof (Stanford University School of Medicine). Adult Wistar rats (male, ~60 g)
were used for DRG neuron isolation, and postnatal day 0 to 1 Wistar rats or Syt1-
null mice were used for hippocampal neuron culture. All animals were housed
in an animal facility under a 12-h light/12-h dark cycle at 22 + 2 °C with food
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and water available ad libitum. The use and care of animals were approved and
directed by the Animal Care and Use Committee of Xi'an Jiaotong University
and Peking University and the Association for Assessment and Accreditation of
Laboratory Animal Care International.

Cell Culture and Transfection. DRG neurons were isolated as previously
described (25, 49, 50). Briefly, adult Wistar rats (male, ~60 g) were used, and
DRGs were isolated in ice-cold L15 medium (Gibco). The ganglia were treated
with trypsin (0.3 mg/mL) and collagenase (1 mg/mL) for 40 min at 37 °C. Cells
were dissociated, collected, and transfected with the Neon 100-pL transfection
system MPK10096 (Invitrogen). Cells were plated on poly--lysine-coated
(Sigma) coverslips and maintained in Dulbecco’s modified Eagle medium
(DMEM)-F12 (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco).
For gene-silencing experiments, 24 h after transfection, the culture medium was
replaced by Neurobasal-A (Gibco, 10888-022) supplemented with 2% B27
(Gibco, 17504044), 0.5 mM r-glutamine (Gibco, 12403-010), 10 ng/mL nerve
growth factor (Sigma, N8133), and 5 pM cytosine arabinoside (Sigma, C6645).

Hippocampal neurons were prepared and cultured as described previously
(25, 28). Briefly, hippocampi were dissected from postnatal day 0 to 1 Wistar
rats and treated with 0.25% trypsin at 37 °C for ~12 min. Cells were plated on
polyethyleneimine-coated glass coverslips and maintained in DMEM (Gibco) sup-
plemented with 10% FBS for 3 h, which was then replaced by Neurobasal
(Gibco) supplemented with 2% B27, 0.5 mM L-glutamine, and 5 uM cytosine
arabinoside. Cultures at 5 d in vitro (DIV 5) were transfected by using a calcium-
phosphate transfection method. Briefly, plasmids in a 250 mM CaCl, solution
were slowly added to Hank's balanced salt solution and incubated at room tem-
perature for 25 min. The mixture solution was then added to the culture and
incubated for 15 min. The cells were washed with MgCl,-containing medium
and maintained in the original medium. Confocal imaging was performed at
DIV 14.

Cm Recording. C;, was measured under the whole-cell configuration using an
EPC10/2 amplifier controlled by Pulse software (HEKA Elektronik) as described
previously (3, 25). The membrane potential was clamped at —70 mV, and
pipette resistance was controlled between 3 and 4 MQ. The external solution
contained, in mM, 150 NaCl, 5 KCl, 2.5 CaCly, 1 MgCly, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (H-HEPES), and 10 p-glucose, pH 7.4. The intracel-
lular pipette solution contained, in mM, 153 CsCl, 1 MgCl,, 10 H-HEPES, and 4
Mg-ATP, pH 7.2. All recordings were performed at room temperature (22 to
25°C). All chemicals were from Sigma unless otherwise indicated. Igor software
(Wavemetrics) was used for all offline data analysis, and series conductance (G)
and membrane conductance (G,,,) were used to monitor the seal condition in
the patch clamp recordings. Measurement of bulk endocytosis, which was
reflected as a brief downward capacitance shift, was performed as previously
described (9, 25). Capacitance traces were low-pass filtered at 30 Hz, and the
brief downward capacitance shift was identified when the size of the capacitance
decay was >20 fF and the decay rate was >50 fF/100 ms, with unchanged Gg
and Gy,

Ca®* Imaging. Cytosolic Ca?* was measured with the Ca>* indicator Fura-2 AM
or Fluo-4 AM (Invitrogen) as previously described (25). For photometric measure-
ment of [CaZ*], DRG neurons were loaded with 5 uM Fura-2 AM for 10 min at
37°C and then washed three times with normal external solution at room tem-
perature. [Ca’*]; was measured by epifluorescence imaging using an Olympus
[X-70 inverted microscope equipped with a monochromator-based system (TILL
Photonics). X-chart software (HEKA Elektronik) was used to collect imaging data.
[Ca®*); was calculated from the ratio (R) of the fluorescent signals excited at
340 nm and 380 nm with the following equation: [Ca®"], = Ky X (R — Rin)/
(Rmax — R), where Ky, Ryin and Riyax are constants obtained from in vitro
calibration.

For confocal [Ca’*]; imaging of hippocampal neurons, cells were loaded with
5 pM Fluo-4 AM for 10 min at 37 °C and then imaged with a x63 oil lens of a
Zeiss 700 inverted confocal microscope. By using a gravity-fed perfusion system
(MPS-2, Yibo Inc.), the 45 mM or 70 mM KCl-containing external solution was
locally applied to evoke the [Ca®*]; rise. Images were processed with Image)
(NIH) and Adobe Photoshop (Adobe Systems, Inc.).
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Gel Electrophoresis and Western Blotting. Cells were washed with
phosphate-buffered saline (PBS) and homogenized on ice with lysate buffer
(20 mM HEPES at pH 7.4, 100 mM KCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride [PMSF], and 2% proteinase inhibitor [539134,
Calbiochem]). The homogenates were centrifuged at 16,000 x g for 15 min at
4°C, and the supernatants were collected and boiled in sampling buffer. Pro-
teins were electrophoresed and transferred to nitrocellulose filter membranes.
The membranes were blocked for 1 h in PBS containing 0.1% Tween-20 (vol/vol)
and 5% nonfat dried milk (wt/vol). After washing with 0.1% Tween-20-
containing PBS (PBST), the blots were incubated with primary antibodies at 4 °C
overnight in PBST containing 2% bovine serum albumin (BSA). Secondary anti-
bodies were then applied at room temperature for 1 h. Blots were scanned with
an Odyssey infrared imaging system (LI-COR Biosciences) and quantified with
ImageJ (NIH).

Immunofluorescence. Cells were fixed with 4% paraformaldehyde for 20 min
and permeabilized with 0.3% Triton X-100 in PBS containing 2% BSA for 5 min
at room temperature. After blocking for 1 h with 2% BSA in PBS, cells were incu-
bated for 1 h with primary antibodies, washed three times with blocking solu-
tion, and incubated for 1 h with secondary antibodies. After three washes in
blocking solution and one wash in PBS, cells were mounted on slides with 50%
glycerol. A z series of 1-um optical sections was scanned through the x63 oil
lens of a Zeiss 710 inverted confocal microscope. Images were processed in the
Zeiss LSM Image Browser (version 3.0) and Adobe Photoshop (Adobe Sys-
tems, Inc.).

Tf Uptake. Cells were washed with serum-free DMEM containing 20 mM
HEPES, pH 7.4, and 1 mg/mL BSA and serum starved in the same medium for
45 min at 37 °C. Cells were then incubated in serum-free medium containing
25 pg/mL human Tf conjugated to Alexa Fluor 594 (Invitrogen, T-13343) for
30 min at 37 °C. The unbound Tf was washed away with ice-cold PBS containing
0.3 mM CaCl, and 0.3 mM MgCl,, and the cells were fixed with an ice-cold solu-
tion of 4% formaldehyde and processed for microscopy.

Dextran Uptake. Cells were incubated in 20 puM tetramethylrhodamine-
dextran (10 kDa or 40 kDa)-containing extracellular solution (150 mM NaCl,
15 mM KCl, 2.5 mM CaCly, 1 mM MgCl,, 10 mM H-HEPES, and 10 mM
p-glucose, pH 7.4.) at 37 °C for 5 min. Dextran was washed from the cultures
five times after incubation. For 100 mM K* external solution, the NaCl concen-
tration was reduced to maintain the same ionic strength. Confocal slices were
zstack scanned on the Leica TCS SP8 STED 3X confocal microscope, and total
dextran signals in the cell body were measured with ImageJ.

Confocal and STED Imaging. Hippocampal neurons were continuously per-
fused with standard bath solution containing 140 mM NaCl, 5 mM KCI, 2 mM
CaCly, 2 mM MgCl,, 10 mM H-HEPES, 10 mM p-glucose, 10 pM 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), and 50 pM D-2-amino-5-phosphonovaleric acid
(0-AP5), pH 7.4. Standard 45 mM or 70 mM KCl-containing external solution
was locally applied to the imaging area by using a gravity-fed perfusion system
(MPS-2, Yibo Inc.). Time-lapse images were captured at 0.5-s intervals through
the x63 oil immersion lens of the Zeiss 700 confocal microscope. Fluorescence
changes at individual boutons were monitored over time and calculated as nor-
malized AFIFo. Images were acquired for 20 s before stimulation to establish a
stable baseline.

STED images were acquired with a Leica TCS SP8 STED 3X microscope oper-
ated with the LAS-AX imaging software. Confocal and STED images were
captured through an oil-immersion STED white lens (HC PL APO x100/1.40).
Syp-pH and dextran fluorescence were sequentially excited with a tunable white
light laser at 488 nm and 594 nm, with the STED achieved by using a 592-nm
or 660-nm depletion beam, and the restricted emission was collected with Leica
HyD hybrid detectors at 490 to 560 nm and 600 to 650 nm, respectively. All
STED images were deconvolved using Huygens software (Scientific Volume
Imaging) and offline analyzed with LAS AF Lite (Leica).

HRP Uptake and Electron Microscopy. HRP uptake and electron microscopy
of hippocampal neurons were performed as described previously (25). Neurons
were washed three times with standard external solution and incubated with
standard or 100 mM K* external solution supplemented with 10 mg/mL HRP at
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37 °C for 2 min. Cells were then fixed in 2.5% glutaraldehyde and 2% parafor-
maldehyde in 0.1 M phosphate buffer (PB) for at least 30 min at room tempera-
ture. After washing with 100 mM Tris (pH 7.4), the cells were exposed to 0.1%
diaminobenzidine and 0.2% H,0, in 100 mM Tris for 4 to 5 min and washed
with 100 mM Tris (pH 7.4). Cells were postfixed for 30 min with 2% osmium
tetroxide and 1.5% potassium ferrocyanide in 0.1 M PB, washed, dehydrated
through an ethanol series, embedded in Epon, and polymerized at 60 °C for
36 h. The embedded samples were separated from the dishes by dipping in
liquid nitrogen and hot water. Cells of interest were isolated and mounted on
prepolymerized Epon blocks. Ultrathin sections (~80 nm) were cut parallel to
the cell monolayer, collected on single-slot, formvar-coated copper grids, and
stained with 2% uranyl acetate for 30 min and 0.5% lead citrate for 15 min.
Samples were observed in a Tecnai G2 20 200-kV transmission electron micro-
scope at 120 kV. Electron microscopy of DRG neurons was similar but with no
HRP uptake and diaminobenzidine staining. Docked vesicles were identified as
those without any measurable distance from the plasma membrane. Vesicle
diameters and numbers of HRP-labeled vesicles and endosomes were measured
manually with the Zeiss LSM Image Browser (version 3.0).

In Vitro Liposome Tubulation Assay. Rat Syt1 cytosolic domain proteins
were expressed and purified from Escherichia coli. Briefly, Syt1 C2A-C2B wild
type (96 to 421) and mutants were cloned to pGEX-KG. Constructs were trans-
formed into E. coli BL21 (DE3) and cultured in lysogeny broth medium at 37 °C
to an optical density of 1.0, and protein expression was induced by 0.5 mM
isopropyl p-b-1-thiogalactopyranoside at 18 °C for 10 h. Cells were collected
by centrifugation at 8,000 x g for 5 min and suspended in lysis buffer
(50 mM HEPES pH 7.4, 500 mM NaCl, 5% glycerol, 5 mM p-mercaptoethanal,
and 1 mM PMSF) followed by sonication. Cell lysates were centrifuged at
15,000 x g for 45 min (twice), and superatants were incubated with glutathi-
one Sepharose beads (GE Healthcare) at 4 °C for 2 h. Beads were collected by
centrifugation at 400 x g for 3 min and washed thoroughly with 10 pg/mL
DNase |- and 10 pg/mL RNase I-containing binding buffer (50 mM HEPES
pH 7.4, 100 mM NaCl, and 1 mM B-mercaptoethanol). Beads were then incu-
bated with thrombin (Sigma-Aldrich) in binding buffer and digested at room
temperature for 30 min. Flow-throughs were collected and concentrated to
0.5to0 1 mg/mL.

Liposomes constructed in vitro were composed of 50% brain total lipid extract
+ 45% dioleoylphosphatidylserine + 5% PI(4,5)P, (Avanti). Lipids dissolved in
chloroform were vacancy dried and resuspended in binding buffer at a concen-
tration of 0.5 mg/mL. After 15 freeze-thaw cycles, vesicles were extruded
through 400-nm-pore size polycarbonate filters for another 15 cycles.

For transmission electron microscopy imaging of vesicle tubulation, 4 pM
Syt wild-type or mutant proteins were mixed with liposomes in the presence of
1 mM EGTA or 1 mM CaCl, at room temperature for 1 h and plated on the
glow-discharged (10 mA for 10 s) 400-mesh carbon film copper grids. Following
two 1-s washes in double-distilled water, proteins were negatively stained in 1%
uranyl acetate for 30 s. Samples were observed on a 200-kV FEI Talos F200C
transmission electron microscopy in the Instrumental Analysis Center of Xi'an
Jiaotong University, and images were acquired via a fast Ceta 16M complemen-
tary metal oxide semiconductor (CMOS) camera.

statistics. All experiments were replicated at least three times. Sample sizes
are consistent with those reported in similar studies. No samples or recordings
that provided successful measurements were excluded from analysis. Experi-
ments did not involve blinding because we used green fluorescent protein as a
marker for transfection and compared recordings from the same neurons follow-
ing different treatments. Data are shown as mean + SEM or box plots. For box
plots, the central lines represent the median, the edges represent the interquar-
tile ranges, and the whiskers represent the overall distribution. All data were
tested for normality by the Shapiro-Wilk test before the statistical analysis. Statis-
tical comparison was performed with a two-tailed unpaired/paired Student's ¢
test, a Wilcoxon-Mann-Whitney nonparametric test, a Fisher's exact test, or a
one-way ANOVA followed by Tukey's multiple comparisons test as indicated. All
tests were conducted using SPSS 13.0. Significant differences were accepted at
P < 0.05. Numbers of cells/boutons analyzed are indicated in the figures
or legends.
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