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A novel dual Ca?* sensor system regulates
Ca?*-dependent neurotransmitter release

Lei Li**, Haowen Liu'™, Mia Krout?®, Janet E. Richmond?@®, Yu Wang?, Jihong Bai*®, Saroja Weeratunga®, Brett M. Collins*®, Donovan Ventimiglia®,
Yi Yu!, Jingyao Xial, Jing Tang!, Jie Liu®®, and Zhitao Hu'®

Ca?*-dependent neurotransmitter release requires synaptotagmins as Ca2* sensors to trigger synaptic vesicle (SV) exocytosis
via binding of their tandem C2 domains—C2A and C2B—to Ca?*. We have previously demonstrated that SNT-1, a mouse
synaptotagmin-1 (Syt1) homologue, functions as the fast Ca?* sensor in Caenorhabditis elegans. Here, we report a new Ca*
sensor, SNT-3, which triggers delayed Ca?*-dependent neurotransmitter release. snt-I;snt-3 double mutants abolish evoked
synaptic transmission, demonstrating that C. elegans NMJs use a dual Ca?* sensor system. SNT-3 possesses canonical aspartate
residues in both C2 domains, but lacks an N-terminal transmembrane (TM) domain. Biochemical evidence demonstrates that
SNT-3 binds both Ca?* and the plasma membrane. Functional analysis shows that SNT-3 is activated when SNT-1 function is
impaired, triggering SV release that is loosely coupled to Ca?* entry. Compared with SNT-1, which is tethered to SVs, SNT-3 is
not associated with SV. Eliminating the SV tethering of SNT-1 by removing the TM domain or the whole N terminus rescues
fast release kinetics, demonstrating that cytoplasmic SNT-1 is still functional and triggers fast neurotransmitter release, but
also exhibits decreased evoked amplitude and release probability. These results suggest that the fast and slow properties of SV
release are determined by the intrinsically different C2 domains in SNT-1 and SNT-3, rather than their N-termini-mediated

membrane tethering. Our findings therefore reveal a novel dual Ca?* sensor system in C. elegans and provide significant

insights into Ca2*-regulated exocytosis.

Introduction

At the presynaptic nerve terminal, synaptic vesicles (SVs) fuse
with the plasma membrane to release neurotransmitters, a pro-
cess triggered by Ca?* binding to Ca®* sensor proteins (Chapman,
2008; Stidhof, 2012). Several synaptotagmin (Syt) family proteins
have been recognized as Ca®* sensors in both vertebrates and
invertebrates (Lee et al., 2013; Li et al., 2018; Mackler et al., 2002;
Nishiki and Augustine, 2004; Wen et al., 2010; Xu et al., 2007; Xu
et al.,, 2009; Yoshihara and Littleton, 2002). All known Syt Ca*
sensors (e.g., Sytl, Syt2, Syt7, and Syt9) have a similar structure
that consists of tandem C2 domains—C2A and C2B—that gener-
ally use comparable Ca?*-binding mechanisms, and an N-terminal
transmembrane domain (TM) that tethers Syts to distinct cellular
compartments. Apart from their Ca®*-binding ability, the C2 do-
mains also interact with the SNARE complex and the plasma
membrane to promote fusion (Chapman et al., 1995; Chapman and
Jahn, 1994; Sutton et al., 1995; Zhang et al., 2002).

To trigger the exocytosis of SVs, many mammalian neurons
employ at least two Ca®* sensors. Sytl or Syt2 functions as the
fast Ca?* sensor to trigger fast synchronous release, and Syt7
functions as the slow Ca?* sensor to mediate slow asynchronous
release (Bacaj et al., 2013; Chen et al., 2017a; Chen et al., 2017b;
Kochubey and Schneggenburger, 2011; Luo et al., 2015; Schonn
et al., 2008; Weber et al., 2014; Wen et al., 2010). Simultaneous
ablation of both Sytl and Syt7 almost completely abolishes
stimulus-evoked neurotransmitter release at these synapses
(Bacaj et al., 2013). In other neuron types, such as the calyx of
Held and parvalbumin-expressing inhibitory neurons, Sytl and
Syt2 are coexpressed and regulate fast neurotransmitter release
redundantly (Bouhours et al., 2017; Kochubey et al., 2016). In
addition to triggering slow, asynchronous release, Syt7 is also
involved in the regulation of synaptic facilitation and vesicle
pool replenishment (Chen et al., 2017b; Jackman et al., 2016) and
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confers frequency invariance in some depressing synapses
(Turecek et al., 2017).

Both fast and slow Ca?* sensors possess an N-terminal TM
domain that tethers the sensor to either SVs or the plasma
membrane (Brose et al., 1992; Littleton et al., 1993; Perin et al.,
1990; Sugita et al., 2001); however, the functional importance of
the membrane tethering of Ca®* sensors remains controversial.
It has been reported that the cytoplasmic domain of Sytl is fully
functional in an in vitro membrane fusion assay (Wang et al.,
2011) and facilitates exocytosis when injected into crayfish
motor neurons (Hua et al., 2014). Moreover, tethering the C2
domains of Sytl to the plasma membrane fully restored fast syn-
chronous release in Sytl knockout neurons (Hui et al., 2009);
however, Sytl that lacked the TM domain failed to restore fast
synchronous release in Drosophila Sytl mutants (Lee and Littleton,
2015). These conflicting findings raise the important question of
how the functions of dual-system fast and slow Ca2* sensors rely
on their membrane tethering in triggering SV release.

We have previously demonstrated that SNT-1, an Sytl ho-
mologue, functions as a Ca®>* sensor for Ca*-dependent fast
neurotransmitter release at the Caenorhabditis elegans neuro-
muscular junction (NMJ; Li et al., 2018; Yu et al., 2013). Here, we
provide evidence that SNT-3 acts as an additional Ca?* sensor
that triggers delayed evoked neurotransmitter release at the
worm NM]J. snt-3 belongs to the worm synaptotagmin gene
family; however, it lacks an N-terminal sequence including the
TM domain, which differentiates it from all other Syt Ca?*
sensors. Functional analysis revealed that the SV fusion medi-
ated by SNT-1 and SNT-3 differs in synaptic properties in terms
of Ca?* sensitivity, release kinetics, synaptic depression, and
synaptic refilling. Remarkably, altering the membrane tethering
of SNT-1 did not affect the fast release properties. Thus, the
functions of these two Ca2?* sensors are mainly determined by
their intrinsically distinct C2 domains. Our findings provide
evidence of a novel, dual Ca*" sensor system for synaptic
transmission and shed light on the molecular mechanisms by
which Syts regulate fast and slow neurotransmitter release.

Results

SNT-3 is required for delayed evoked neurotransmitter release
Numerous studies have shown that Sytl functions as a Ca%*
sensor that triggers fast synchronous neurotransmitter release
(Geppert et al., 1994; Lee et al., 2013; Li et al., 2018; Nishiki and
Augustine, 2004). The C. elegans genome encodes seven Syt
genes, including snt-1, snt-2, snt-3, snt-4, snt-5, snt-6, and snt-7
(Fig. S1). Of these Syt isoforms, only SNT-1 has been proven to
be a Ca?* sensor that triggers fast neurotransmitter release (Li
et al., 2018) by using a mechanism analogous to that of Sytl,
indicative of an evolutionarily conserved function of Sytl across
species. Despite the functional importance of SNT-1, delayed
evoked release is still observed in snt-1 mutants, implying that
multiple Ca?* sensors are required for SV release.

To identify additional Ca>* sensor(s) in C. elegans, we per-
formed a behavioral screen of other Syt genes in the snt-1 mutant
background and found that locomotion speed was dramatically
reduced in snt-Isnt-3 double mutants (two snt-3 alleles were

Li et al.

A novel dual Ca?* sensor system regulates Ca?*-dependent neurotransmitter release

TR
(: k(J
IV

used: tm5776, a 322-bp deletion, and kyl034, an early stop codon
in the first exon; Fig. 1 A), suggesting that SNT-3 may be in-
volved in the regulation of SV release in snt-1 mutants. Behav-
ioral analysis in snt-3 single mutants revealed a slight but
significant decrease in locomotion speed (Fig. 1, B and C), which
was restored by either a single copy insertion or pan-neuronal
overexpression of SNT-3 cDNA (using the rab-3 promoter).
Moreover, the locomotion of snt-I;snt-3 double mutants was also
restored to the same level as that of snt-I single mutants by
overexpression of SNT-3 (Fig. 1, Band C), demonstrating that the
snt-3 cDNA is fully functional in the nervous system. In addition
to the defect in locomotion, the snt-1;snt-3 double mutant worms
also exhibited severely reduced body length, whereas the snt-3
single mutants were comparable to WT worms (Fig. S2).

We next analyzed SV release by measuring evoked excitatory
postsynaptic currents (EPSCs) in snt-3 single mutants and snt-I;
snt-3 double mutants. Consistent with the profound locomotion
defect, evoked EPSCs were completely eliminated in snt-Lsnt-3
double mutants (Fig. 1 D), demonstrating that SNT-3 is required
for SV release in the absence of SNT-1. Despite the slight de-
crease in their locomotion speed, the snt-3 single mutants dis-
played normal evoked EPSC amplitude, charge transfer, and
release kinetics. In contrast, snt-1 single mutants exhibited a
delayed latency to evoked EPSC onset, as well as reduced EPSC
amplitude and charge transfer (Fig. 1, D-F). Neuronal expression
of snt-3 cDNA in snt-I;snt-3 double mutants restored the evoked
EPSCs to 90% of the level in snt-1 mutants. These results dem-
onstrate that evoked neurotransmitter release at the worm NM]J
requires both SNT-1 and SNT-3, which mediate fast and delayed
neurotransmitter release, respectively.

To determine whether SNT-3 is required for tonic release, we
measured miniature EPSCs (mEPSCs). The mEPSC frequency
was reduced by 85% in snt-1 mutants (Fig. 1, G and H), demon-
strating the importance of SNT-1 in triggering tonic release,
which is consistent with our previous findings (Li et al., 2018). In
contrast, the mEPSC frequency was unchanged in snt-3 single
mutants compared with WT, as well as in snt-Isnt-3 double
mutants compared with snt-1 single mutants (Fig. 1, G and H),
indicating that SNT-3 is not required for tonic release. Loss of
snt-1 or snt-3 did not result in a change in mEPSC kinetics (Fig.
S3), demonstrating that the function of the postsynaptic ace-
tylcholine receptors (AChRs) is normal in these mutants. Of
note, the mEPSC amplitude was increased in snt-1 mutants
(Fig. 1 H), likely reflecting a role for SNT-1 in endocytosis,
consistent with previous studies and the ultrastructural analyses
in Fig. 4 and Fig. S6 (Jorgensen et al., 1995; Yu et al., 2013). The
increased mEPSC amplitude in snt-1 mutants was suppressed in
snt-I;snt-3 double mutants (Fig. 1 H and Fig. S4), suggesting that
SNT-3 may also regulate endocytosis, a finding that is further
supported by EM analysis (Fig. 4). Collectively, these results
demonstrate that SNT-3 triggers a delayed component of evoked
neurotransmitter release, revealed in the absence of the fast Ca2*
sensor SNT-1, likely by acting as a second Ca®* sensor.

C2 domains of SNT-3 and SNT-1 exhibit sequence similarity
Like all other Syts, SNT-3 contains tandem C2 domains (C2A and
C2B; Fig. 2 A). Sequence analysis showed that the C2 domains in
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Figure 1. SNT-3 mediates evoked neurotransmitter release in the absence of SNT-1. (A) Schematic of the snt-3 gene. Black boxes represent the coding
exons. The ky1034 early stop codon and the tm5776 deletion were indicated. (B) Representative locomotory trajectories of 10 animals for each indicated
genotypes, including WT, snt-1, snt-3(tm5776), snt-3(ky1034), snt-1;snt-3(tm5776), snt-L;snt-3(ky1034), SNT-3 rescue by overexpression (OE) and single-copy
insertion (SCI) in snt-3 single mutants, and SNT-3 overexpression rescue in snt-1;snt-3 double mutants. The starting points of each trajectory have been aligned
for clarity. (C) Quantification of the average locomotion speed for the indicated genotypes or transgenes in B. Data are mean + SEM. ***P < 0.001 compared
with WT; ###P < 0.001 compared with snt-I mutants. n.s., nonsignificant compared with WT (one-way ANOVA). (D) Example traces of evoked EPSCs re-
corded from body wall muscle. (E) Summary of the mean amplitude and charge transfer of the evoked EPSCs in D. Data are mean + SEM. ***P < 0.001
compared with WT; ###P < 0.001 compared with snt-1 mutants. n.s., nonsignificant compared with WT (one-way ANOVA). (F) Quantifications of the rise time,
decay, and latency of evoked EPSCs. Data are mean + SEM. ***P < 0.001 compared with WT. n.s., nonsignificant compared with WT (one-way ANOVA
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following Kruskal-Wallis test). (G) Representative traces of mEPSCs. (H) Summary of the mean frequency and amplitude of the mEPSCs for each genotype or
transgene. Data are mean + SEM. **P < 0.01, ***P < 0.001 compared with WT; ##P < 0.01, compared to snt-1 mutants; n.s., nonsignificant compared with snt-1 mutants

(one-way ANOVA).

SNT-3 share a high level of identity with those in SNT-1 and
Sytl. The SNT-3 C2A domain shares 67.3% identity with the
SNT-1 C2A domain, as well as 68.8% identity with the Sytl C2A
domain. The C2B domain shares 62.1% identity with the SNT-1
C2B domain, as well as 62.9% identity with the Sytl C2B do-
main. Moreover, the five canonical aspartates are all con-
served in the C2A domain of SNT-3 (Fig. 2 B, aspartates, blue),
and the C2B domain possesses four aspartates, with the fifth
being replaced by glutamate (Fig. 2 B, red). Despite the high
similarity of the C2 domains of SNT-3 and SNT-1, SNT-3 lacks
an N-terminal TM domain, unlike all other known Ca?* sen-
sors in the Syt family, encoding a very short N-terminal se-
quence of only 11 aa (Fig. 2, A and B). Among the 17 Syts in
mouse, only Sytl7 lacks a TM domain, but it is not involved in
SV exocytosis (Ruhl et al., 2019). Thus far, our findings in
relation to SNT-3 suggest that a TM domain may not be in-
dispensable for a Syt to trigger SV release.

SNT-3 is localized to synaptic regions in cholinergic synapses
To examine the expression pattern of snt-3, an mApple reporter
driven by an snt-3 promoter (5 kb upstream region) was gen-
erated. Expression was observed in a large number of neurons in
the head, tail, and ventral and dorsal nerve cords (Fig. 2 C,
C1-C6), including nearly all cholinergic and GABAergic motor
neurons (Fig. 2 D, D1-Dé), indicating a broad role for SNT-3 in
the nervous system. Expression of snt-3 was also found in head
and body wall muscles (Fig. 2 C), implying that SNT-3 may also
serve a postsynaptic function at NMJs. Postsynaptic AChRs ap-
peared to function normally, as puffing acetylcholine (ACh; 0.5
M, 100 ms) onto the body wall muscle produced similar evoked
currents in WT and snt-3 mutants (Fig. S5).

To examine the subcellular localization of SNT-3, we con-
structed an SNT-3::mApple fusion protein and expressed it in
the D-type cholinergic motor neurons (under the unc-129
promoter; Li et al., 2019; McEwen et al., 2006). Compared
with RAB-3::GFP (labeling SVs) and SNT-1:GFP, SNT-3::
mApple displayed a relatively diffuse distribution in axons.
Although boutons could be observed (Fig. 2 E, E2 and ES5,
arrows), the fluorescence in these regions was not as bright
as that observed with RAB-3::GFP and SNT-1::GFP. This sug-
gests that SNT-3 and SNT-1 may have differential cellular
localization.

The N-terminal TM domain in Sytl is embedded in the ve-
sicular membrane, tethering Sytl to SVs (Brose et al., 1992;
Matthew et al., 1981). The conserved TM domain in SNT-1 and
the colocalization of SNT-1 with SV markers suggest that SNT-1
is also localized on SVs (Li et al., 2018), whereas the lack of a TM
domain in SNT-3 and diffuse neuronal expression indicates that
it is not localized in this manner. It has been reported that
synaptic proteins located on SVs become more punctate in
mutants with defective SV exocytosis, such as unc-13 mutants
(McEwen et al., 2006). Similar changes were observed with
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SNT-1::GFP, which exhibited a standard synaptic distribution in
WT animals, but became more punctate in unc-13 mutants (s69;
Fig. 2 F, F1 and F2). The percentage of bouton fluorescence to
total axonal fluorescence of SNT-1:mApple was significantly in-
creased in unc-13 mutants (Fig. 2 F, F5). In contrast, the distribution
of SNT-3:mApple showed no apparent change in unc-I3 mutants
(Fig. 2 F, F3-F5), suggesting that SNT-3 is not localized on SVs.

To further examine the relationship between SVs and SNT-1
or SNT-3, we analyzed the distribution of SNT-1::mApple and
SNT-3::mApple—both under the unc-129 promoter, which drives
expression in D-type cholinergic motor neurons that send pro-
jections from ventral cord cell bodies to form synapses along the
dorsal nerve cord—in unc-104 KIF1A mutants. unc-104 encodes a
kinesin required for axonal transport of SV proteins in both C.
elegans and mice (Hall and Hedgecock, 1991; Okada et al., 1995;
Otsuka et al., 1991). As shown in Fig. 2 G (Gl and G2), dorsal
nerve cord axonal fluorescence of SNT-1::mApple (arrow) was
virtually undetectable in unc-104 KIF1A mutants compared with
WT (Fig. 2 G, G5). This was accompanied by a marked increase
in SNT-l:mApple fluorescence in the cell bodies of D-type
neurons in the ventral cord (star), as observed previously
(Mullen et al., 2012). This indicates that the subcellular distri-
bution of SNT-1 is coupled to anterograde transport of SV pre-
cursors. In contrast, the SNT-3::mApple fluorescence in both
axons and cell bodies in unc-104 KIF1A mutants was comparable
to that in WT animals (Fig. 2 G, G3-G5), suggesting that the SNT-3
expression pattern does not depend on the SV kinesin UNC-104.
Taken together, these results indicate that SNT-3, in contrast to
SNT-1, is not associated with SVs.

SNT-3 exhibits Ca?* and membrane binding properties

To determine the Ca?*-binding properties of the SNT-3 C2 do-
mains, we performed isothermal titration calorimetry (ITC)
experiments with recombinantly expressed and purified SNT-3
C2 domains. Our results revealed that the SNT-3 C2 domains
bind to Ca?* with an affinity of 46.6 + 2.7 uM (n = 3) at 25°C
(Fig. 3, A and B). The relatively weak Ca>*-binding affinity of
SNT-3 suggests that it may have a similar function to mamma-
lian Syt isoforms, acting as a regulatory protein in Ca?*-depen-
dent cellular exocytosis.

To determine whether SNT-3 C2 domains possess Ca?*-de-
pendent membrane binding activity, we next performed a lip-
osome cosedimentation assay. The cytoplasmic domain (C2AB)
of SNT-1 was used as a positive control. Our results showed that
WT C2AB of either SNT-1 or SNT-3 cosedimented with lip-
osomes (25%PS/75%PC) in the presence of 1 mM Ca2*; however,
in the absence of Ca®* (1 mM EGTA), no significant levels of
C2AB membrane binding were detected (Fig. 3, C and D). Mu-
tations that disrupt the Ca2*-binding sites in the C2 domain of
SNT-1 or SNT-3 (SNT-1 C2AB D3,4N; SNT-3 C2AB D3,4N) abol-
ished the Ca?*-dependent interactions with liposomes (Fig. 3, C
and D). Together, these results demonstrate that SNT-3, similar
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Figure 2. Expression pattern and subcellular localization of SNT-3 in cholinergic motor neurons. (A and B) Domain structure and sequence alignment of
the SNT-1and SNT-3. The transmembrane domain (green), the C2A domain (light blue), and the C2B domain (light red) are highlighted. (C1-C6) Expression of
snt-3 driven by the endogenous snt-3 promoter in various regions (arrow, neuron; star, muscle), including head neurons, tail neurons, motor neurons, head
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muscles, and body wall muscles. Scale bar, 50 pum. (D1-D6) Expression snt-3 (driven by the snt-3 promoter; red) in both cholinergic and GABAergic motor
neurons (driven by the unc-17 and unc-25 promoters, respectively; green) at the ventral nerve cord. Scale bar, 20 um. (E1-E6) Fluorescent images of the dorsal
nerve cord (under the unc-129 promoter) showing colocalization of SNT-3:mApple with Rab3::GFP (SV marker) and SNT-1::GFP. Scale bar, 5 um.
(F1-F4) Expression patterns of SNT-1::mApple and SNT-3:mApple in WT and unc-13(s69) mutant background, respectively. Scale bar, 5 um. (F5) Averaged
percentage of the bouton fluorescence to the total axonal fluorescence of SNT-1::mApple and SNT-3::mApple in WT and unc-13 mutants. Data are mean + SEM.
***P < 0.001. n.s., nonsignificant (one-way ANOVA). (G1-G4) Distribution of SNT-1::mApple and SNT-3:mApple in the dorsal or ventral nerve cords of WT and
unc-104 KIF1A mutants are compared. SNT-1:mApple axonal fluorescence (dorsal nerve cord [DNC]) decreased, while cell body fluorescence (ventral nerve
cord [VNC]) increased in unc-104 mutants, whereas SNT-3::mApple axonal fluorescence and cell body fluorescence were comparable between WT and unc-104
mutants. Stars indicate the cell bodies in VNC, and arrows indicate axons in DNC. Scale bar, 5 um. (G5) Quantification of somatic and axonal fluorescence
intensity of SNT-1::mApple and SNT-3:mApple in WT and unc-104 mutants. Data are mean + SEM. ****P < 0.0001. n.s., nonsignificant (one-way ANOVA).

to SNT-1, also has a Ca%*-dependent phospholipid binding
activity.

Differential roles of SNT-1 and SNT-3 in SV docking and
priming

To become fusion competent, SVs must undergo docking and
priming (Becherer and Rettig, 2006; Rizo and Rosenmund, 2008;
Verhage and Sgrensen, 2008). Knockout of fast and slow Ca?*
sensors may directly influence these upstream processes,
thereby causing defects in the final fusion step. To investigate
this, the synaptic ultrastructure of WT, snt-], snt-3, and snt-I;snt-3
double mutants was examined following high-pressure freeze
fixation and freeze substitution, a method that preserves syn-
aptic architecture in its near native state (Weimer et al., 2006).
Morphometric analyses of ventral cord cholinergic synapses
revealed multiple differences between these genotypes (Fig. 4

A). The total number of docked SVs was not significantly re-
duced in snt-I mutants, but was significantly increased in both
snt-3 single mutants and snt-Lsnt-3 double mutants (Fig. 4 B).
Previous studies have identified distinct docked vesicle pools at
these synapses. Specifically, SVs proximal to the dense projection
(DP; <90 nm) are docked by interactions between vesicle-
associated RAB-3 and DP localized UNC-10 (RIM-Rab-3-interact-
ing molecule), require the long isoform of UNC-13 to become
primed, and exhibit release kinetics tightly coupled to Ca?*-entry
(Gracheva et al., 2008; Hammarlund et al., 2007; Weimer et al.,
2006). More distally docked SVs (90-300 nm) require the short
UNC-13MR isoform and exhibit slower release kinetics with loose
Ca**-coupling (Hu et al., 2013). Given the different kinetics of
SNT-1- and SNT-3-dependent evoked release, we examined the
distribution of docked SVs relative to the DP. This analysis re-
vealed a significant reduction in the number of proximally docked
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Figure 3. SNT-3 binds Ca?* and membranes. (A and B) The Ca2*-binding properties of SNT-3 were measured by ITC; raw data (A) and integrated and
normalized data (B) fitted with a 1:1 binding model. The average binding affinity (dissociation constant [Ky]) was calculated by carrying out three independent
titrations. (C and D) Ca?*-dependent membrane interactions of WT and mutant versions of SNT-1 C2AB and SNT-3 C2AB were determined with liposome
cosedimentation experiments. Representative images of SDS-PAGE gels are shown in C. “+ Ca?*” indicates 1 mM Ca?*, and - Ca®*” indicates 1 mM EGTA. The
percentage of protein in pellets was quantified by using ImageJ and plotted in D. Cosedimentation experiments were independently repeated five times for
SNT-1 C2AB and four times for SNT-3 C2AB variants.
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SVs in snt-1 mutants, but not snt-3 mutants, which was consistent
with the notion that SNT-1 may stabilize SV docking in this region
(Fig. 4 C and Fig. S6 A). Conversely, the distally docked SV pool
was significantly increased in snt-3 mutants, suggesting that, in
the absence of SNT-3, release of the distal docked SV pool is im-
peded (Fig. 4 D and Fig. S6 A). Docked SVs beyond the distal pool
(300-500 nm) are known to accumulate in some endocytic mu-
tants (Wang et al., 2008). In snt-1 mutants, a significant increase in
this pool was observed (Fig. 4 E and Fig. S6 A). Furthermore, snt-
1 mutants exhibited reduced SV number and increased SV diam-
eters, and accumulated irregular vesicles defined by thicker
membranes and clear lumens, all of which are indicative of vesicle
recycling defects, as previously reported (Jorgensen et al., 1995, Yu
et al,, 2013; Fig. 4, F-H; and Fig. S6, B and D). In contrast, snt-3
single mutants exhibited WT levels of SVs and irregular vesicles,
but had reduced SV diameters and terminal areas (Fig. 4, F-I). In
the snt-I;snt-3 double mutants, SV numbers were restored to WT
levels, possibly accumulating due to the lack of release (Fig. 4 F).
The number of docked vesicles in the endocytic zone trended
higher than the WT and irregular vesicles accumulated, suggest-
ing that SNT-1 endocytosis was still impaired in the double mu-
tants (Fig. 4, E and H; and Fig. S6 A). However, the terminal area,
SV diameter, and size of irregular vesicles were reduced relative to
WT and snt-1 single mutants (Fig. 4, G-I, and Fig. S6, B and D).
Together, these observations suggest that SNT-1 and SNT-3 have
different roles in both vesicle docking and recycling.

To directly assess whether these morphological changes in
SV docking impact priming, we next assayed the readily re-
leasable pool (RRP) of SVs by measuring the total charge transfer
produced by a pulsed application of hypertonic sucrose (1 M, 2 s)
onto the ventral nerve cord. This assay has been widely used for
the estimation of the RRP in both vertebrates and invertebrates
(Lietal., 2019; Liu et al., 2019; Richmond et al., 1999; Rosenmund
and Stevens, 1996). Our results showed that the charge transfer
of the sucrose response was unchanged in both snt-1 and snt-3
mutants, but was significantly reduced in snt-Lsnt-3 double
mutants (Fig. 4, ] and K). We next analyzed the quantal content
of the RRP, which was calculated by ratioing the total charge
transfer of the sucrose-evoked current to the average mEPSC
charge transfer. For snt-I mutants, the mEPSC charge transfer
was significantly increased, likely reflecting the right-shifted SV
diameter histogram and the corresponding increase in the fre-
quency of abnormally large amplitude mEPSCs (Fig. 4, H and L;
and Fig. S6, B-D). The larger mEPSC charge transfer of snt-
1 mutants leads to a 30% decrease in the calculated quantal
content (Fig. 4, L and M). These results indicate a role for SNT-
1 in priming, in agreement with previous observations (Chang
etal., 2018; Courtney et al., 2019; Li et al., 2018; Liu et al., 2009a).
We did not observe a change in the mEPSC charge transfer in
snt-3 mutants, probably because the decrease in vesicle size was
minimal, leading to WT estimates of quantal content (Fig. 4, L
and M). However, because snt-I; snt-3 double mutants exhibited
a more pronounced reduction in SV size and smaller irregular
vesicles, the mEPSC charge transfer was closer to WT (Fig. 4, H
and L; and Fig. S6, B and D). Consequently, the calculation of
quantal content in snt-I;snt-3 double mutants was markedly re-
duced (~50%) compared with WT, but comparable to that in
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snt-1 single mutants (Fig. 4 M). These results indicate that SV
priming is partially suppressed by the simultaneous loss of SNT-
1and SNT-3. Given that evoked release is completely eliminated,
these data further suggest that both SNT-1 and SNT-3 have ad-
ditional functions downstream of priming in Ca?*-triggered
release.

SVs mediated by SNT-3 have loose coupling to Ca* entry

The above experiments suggest that SNT-3 may function as a
second Ca®* sensor in the absence of SNT-1. The prolonged la-
tency in the evoked EPSCs when SNT-3 is the primary Ca%*
sensor (i.e., in snt-1 mutants) indicates that SNT-3 mediates
delayed neurotransmitter release. These observations reveal a
dual Ca?* sensor system in C. elegans that utilizes SNT-1 and
SNT-3 to trigger Ca**-dependent neurotransmitter release,
analogous to Sytl and Syt7, which are employed for fast syn-
chronous and slow asynchronous release at specific murine
synapses (Bacaj et al., 2013; Wen et al., 2010).

We next examined whether the SV release mediated by the
two Ca2* sensors exhibits differential synaptic properties, such
as Ca2?* dependence. Evoked EPSCs were compared in the
presence of 1 mM and 0.5 mM Ca?* in WT, snt-3, and snt-1 mu-
tants. Decreasing the Ca?* concentration from 1 mM to 0.5 mM
significantly reduced evoked EPSC amplitude and charge
transfer by 50% in both WT and snt-3 mutants (Fig. 5, A and B).
However, the evoked EPSCs in snt-1 mutants displayed a more
severe reduction in 0.5 mM Ca?* (a reduction in EPSC amplitude
and charge transfer of ~85%; Fig. 5, A-C), indicating that SV
fusion mediated by SNT-3 was more sensitive to a reduction in
external Ca?* with a decreased Ca%* dependence.

The more reduction in lower Ca** and prolonged latency of
the evoked EPSCs, together with the relatively diffuse axonal
expression of SNT-3:mApple (Fig. 2), suggest that the SV release
mediated by SNT-3 might occur further away from Ca?* chan-
nels. This is supported by the accumulation of distally docked
SVs in snt-3 mutants. It is therefore likely that SNT-3 serves as a
Ca?* sensor for SV release that has loose coupling with Ca2*
entry. We have previously demonstrated that evoked neuro-
transmitter release at the worm NM]J consists of a fast compo-
nent and a slow component, which reflect the release of SVs that
have tight or loose coupling to Ca?* entry and are mediated by
the long and short isoforms of Unc-13, UNC-13L, and UNC-13MR
(also called UNC-13S), respectively (Hu et al., 2013). Evoked
EPSCs rescued by UNC-13L exhibited faster rise time and decay,
as well as shorter latency, whereas evoked EPSCs rescued by
UNC-13MR exhibited slower rise time and decay and prolonged
latency, consistent with previous results (Fig. 5 E; Hu et al.,
2013). To examine the involvement of SNT-3 in fast and slow
SV release, we analyzed the effects of snt-3 knockout in unc-13
mutants expressing either UNC-13L or UNC-13MR (UNC-13L;snt-
3, UNC-13MR;snt-3). The evoked EPSCs in UNC-13L;snt-3 worms
were indistinguishable from those in the UNC-13L rescued ani-
mals, indicating that SNT-3 is not required for UNC-
13L-mediated fast release (Fig. 5, D and F); however, the
evoked EPSCs in UNC-13MR;snt-3 worms were dramatically re-
duced compared with those in UNC-13MR rescued animals
(Fig. 5, D and F). These results reveal that SNT-3 serves as a
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Figure 4. Roles of SNT-3 in SV docking and priming. (A) Representative synaptic profiles of the indicated genotypes, including WT, snt-1 mutant, snt-3
mutant, and snt-Isnt-3 double mutant. Arrowhead indicates docked vesicles; star indicates DP, arrow indicates irregular vesicles. Scale bar, 200nm.
(B-E) Quantification of docked SVs, docked within 90 nm of DP, docked between 91 and 300 nm from the DP, and docked between 301 and 510 nm from the
DP from same genotypes as in A. The number of SVs docked at the plasma membrane was significantly increased in snt-3 mutants and snt-1;snt-3 double
mutants, but unchanged in snt-1 mutants. The number of SVs docked within 90 nm of the DP was reduced, though not to significance, in snt-1 mutants, but
unchanged in snt-3 mutants and snt-1;snt-3 double mutants. There was a significant increase in SVs docked between 91 and 300 nm from the DP in both snt-3
mutants and snt-1;snt-3 double mutants. Vesicles docked between 301 and 510 nm from the DP were significantly increased in snt-1 mutants, with no change in
snt-3 mutants or snt-1;snt-3 double mutants. Data are mean + SEM. *P < 0.05; **P < 0.01 compared with WT (one-way ANOVA). (F-I) Quantification of total SV
numbers, diameter of SVs (nm), number of irregular vesicles, and size of the terminal area (nm?) from the same genotypes as in A. The total number of SVs was
significantly decreased in snt-1 mutants, with no change in snt-3 mutants and snt-1;snt-3 double mutants. The vesicle diameter was significantly increased in
snt-1 mutants, but significantly decreased in the snt-3 mutant and snt-1;snt-3 double mutants. There was an increase in the number of irregular vesicles in snt-1
mutants and snt-I;snt-3 double mutants, but no significant change in snt-3 mutants. The terminal area was significantly reduced in the snt-3 mutants and snt-1;
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snt-3 double mutants, with no change in snt-1 mutants. Data are mean + SEM. ****P < 0.0001 compared with WT (one-way ANOVA). (J) Hypertonic sucrose-
evoked current recorded from WT, snt-1 mutants, snt-3 mutants, and snt-I;snt-3 double mutants. (K-M) Quantification of averaged charge transfer in the
sucrose-evoked currents, averaged mEPSC charge, and quantal content from the indicated genotypes. Data are mean + SEM. *P < 0.05; ***P < 0.001 compared

with WT. n.s,, nonsignificant (one-way ANOVA following Kruskal-Wallis test).

Ca?* sensor specifically for SVs that have loose coupling to Ca2*
entry. Knockout of SNT-3 did not produce changes in mEPSC
frequency in UNC-13L or UNC-13MR rescued animals, con-
firming that SNT-3 is not required for tonic release (Fig. 5, G
and H).

SV release mediated by SNT-3 exhibits faster depression and
slower replenishment

C. elegans cholinergic motor neurons stimulated by a train of
depolarizations exhibit synaptic depression (Liu et al., 2009b;
Schuske et al., 2003). The differences in Ca®* sensitivity and
Ca?* coupling observed between SNT-1- and SNT-3-mediated
SV release raised the question of how these two Ca?* sensors
regulate synaptic depression. To investigate this, a line ex-
pressing channelrhodopsin (zxIs6) was crossed into snt-I and
snt-3 mutants (zxIs6;snt-1, zxIs6;snt-3). The application of a 1-
Hz or 5-Hz light train stimulus led to synaptic depression in
control animals (i.e., zxIs6). Compared with control worms,
synaptic depression was exacerbated in snt-1 mutants, with
significantly faster depression t (Fig. 6, B and E); however, the
depression T was unchanged in snt-3 mutants (Fig. 6, H and K),
demonstrating that SNT-1 and SNT-3 have distinct roles in
synaptic depression.

Faster depression in snt-1 mutants may arise from a slower
replenishment rate of SVs in the vesicular pool. When the re-
plenishment rate was described by the slope of the cumulative
EPSCs and calculated by a line fit through the linear section, we
found that it was dramatically reduced in snt-1 mutants under a
1-Hz or 5-Hz stimulus (Fig. 6, C and F), but was unchanged in
snt-3 mutants (Fig. 6, I and L). This indicates that the SV release
mediated by SNT-3 has faster depression and slower replen-
ishment, likely due to endocytic defects in the absence of SNT-1,
which leads to a decrease in the total number of SVs as well
as recycling rates (Fig. 4). Taken together, our data show that
SNT-1 and SNT-3 trigger SV release with differential synaptic
properties, including release kinetics, Ca?* sensitivity, coupling
to Ca2* entry, and synaptic depression.

SNT-3 is activated when SNT-1 binding of Ca2* is impaired

How are the two Ca?* sensors coordinated in neurons? The WT
evoked EPSCs in snt-3 mutants versus the elimination of evoked
EPSCs in snt-Lsnt-3 double mutants indicate that SNT-3 is in-
active when SNT-1 is present, but activated when SNT-1 is ab-
lated. It therefore appears that SNT-3 activity is suppressed by
SNT-1 under physiological conditions. Several possibilities may
account for the functional activation of SNT-3. First, the abun-
dance of SNT-3 may be increased in the absence of SNT-1. To test
this possibility, we examined the expression level of SNT-3 in
snt-1 mutants. As shown in Fig. 7 (A and B), the fluorescence
intensity of SNT-3::mApple in snt-1 mutants was indistinguish-
able from that in WT animals, indicating that SNT-1 does not
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suppress the expression of SNT-3. Hence, the activation of SNT-3
in snt-1 mutants is not due to a change in its synaptic abundance.

Second, Ca?* that flows into the nerve terminals in response
to stimulation could be strongly buffered by SNT-1, resulting in a
rapid decrease in the Ca%* concentration in the Ca2?* micro-
domain. Consequently, SNT-3 would be less competitive in
binding Ca?* and could not be activated in the presence of SNT-1.
If this were the case, we would expect that SNT-3 could be ac-
tivated by diminishing or abolishing the Ca?*-binding ability of
SNT-1. To test this, we examined the effects of reducing SNT-1
Ca?* binding on SNT-3 function by mutating the third and
fourth Ca®*-binding sites (aspartate to asparagine, D to N) in
the C2A, C2B, or C2A and C2B domains in SNT-1—termed
SNT_1C2A D3,4N, SNT_]CZB D3,4N’ and SNT_ICZAB D3,4N. We have
previously demonstrated that the D3,4N mutations in the C2
domains of SNT-1 completely abolish its Ca>*-binding ability (Li
etal., 2018). Evoked EPSCs were completely restored by the pan-
neuronal expression of WT SNT-1 in snt-1 mutants (SNT-16248;
snt-1; Fig. 7, C and D). As expected, knockout of snt-3 in SNT-
1€2AB_rescued worms did not cause a change in evoked EPSCs;
however, snt-3 knockout resulted in a pronounced decrease in
evoked EPSCs when Ca?* binding was disrupted in either the
C2A or C2B domain in SNT-1 (SNT-1¢2A D3.4Nssnt_1-snt-3, SNT-1C2B
D34Nssnt-I;snt-3), and complete elimination of evoked EPSCs
when Ca?* binding was blocked in both C2 domains (SNT-12AB
D34N:sntI;snt-3; Fig. 7, C and D). In contrast, neuronal expression
of SNT-3 restored evoked release in SNT-1624B D3,4N-snt_1-snt-3 to
snt-1 single mutant levels. These results indicate that SNT-3 is
activated and able to trigger SV fusion when SNT-1 binding of
Ca?* is impaired, likely due to the ability of this Ca%* sensor to
bind Ca?* effectively.

We next examined whether the elimination of the evoked
EPSCs in SNT-162AB D3.4N.sni 1-snt-3 animals arises from a
priming defect. The sucrose-evoked charge transfer and quantal
content were not changed by mutating the Ca?*-binding sites in
the C2A or C2B domains in SNT-1, but were significantly de-
creased by mutating these sites in both domains simultaneously
(Fig. 7, F and G), demonstrating that the role of SNT-1in priming
requires Ca2* binding by at least one of its C2 domains. Although
the evoked EPSCs were largely decreased in SNT-1¢2A D3,4N;snt-];
snt-3 and SNT-162B D34N-snt_1-snt-3 animals, the sucrose-evoked
charge transfer and quantal content were normal in these ani-
mals (Fig. 7, F and G), demonstrating a postpriming role for SNT-3
in triggering fusion when SNT-1 binding of Ca* is impaired.
However, the sucrose-evoked charge transfer and quantal con-
tent were slightly but significantly reduced (~30%) in SNT-12AB
D3,4N:snt-I;snt-3 animals (Fig. 7, F and G), indicating that SNT-3
plays a minor role in priming when SNT-1 binding of Ca2* is
abolished. This minor decrease in priming, however, could not
account for the elimination of the evoked EPSCs in SNT-1¢2AB
D34N;snt-I;snt-3 animals, confirming the postpriming role of
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Figure 5. SNT-3 triggers release of SVs that have loose coupling with Ca2* entry. (A) Representative traces of evoked EPSCs from WT, snt-1, and snt-3
mutants in 1 mM and 0.5 mM Ca2*. (B) Summary of the mean amplitude and charge transfer of evoked EPSCs in A. Data are mean + SEM. ***P < 0.001
compared with the same genotype in 1 mM Ca2* (Student’s t test). (C) Decreased percentage of evoked EPSC amplitude and charge transfer in 0.5 mM Ca2*
compared with that in 1 mM Ca?* from the indicated genotypes. Data are mean + SEM. ***P < 0.001 compared with WT. n.s., nonsignificant compared with WT
(one-way ANOVA). (D and G) Example traces of mEPSCs and evoked EPSCs from the indicated genotypes, including UNC-13L rescue, UNC-13L;snt-3, UNC-
13MR rescue, and UNC-13MR;snt-3. (E) Averaged 10% to 90% rise time, inactivation decay, and latency from evoked EPSCs in UNC-13L and UNC-13MR rescued
animals. Data are mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 compared with WT (one-way ANOVA). (F and H) Quantification of evoked EPSC amplitude
and charge transfer, and mEPSC frequency and amplitude from the same genotypes in D and F. Data are mean + SEM. ***P < 0.001 compared with UNC-13MR
rescue (one-way ANOVA).

Li et al. Journal of Cell Biology
A novel dual Ca?* sensor system regulates Ca?*-dependent neurotransmitter release https://doi.org/10.1083/jcb.202008121

10 of 24


https://doi.org/10.1083/jcb.202008121

wto
8
(‘CQ

A 1 Hz B 8 = — C
zxIs6 oo L e 3
LIl 57 2 22
T 0O c = e =
Q L © O 2
3] ie) © < x
S5 005 =] @° 2 i
zxls6;snt-1(md290) © O 2 £ S ol x
|||:||'|1— £w 5 S 5 ®
04 nA £5 L00 o 8 <
w5 1 2= 2 4 6 8 10
5s Time (s)
zxIs6 zxls6;snt-1(md290)
D E F
5Hz )
[T ‘& 8’ RN @ sl = 4
[ Lo P w2 G40 35
zxIsB;snt-1(md290) @ i S & <30 EG 10
Ireprer= T g\ 60'5 2820 n Q i
- IR %
0.4 nA -88 g >0 10 / 890-5 *
JON 200 QH, aCp
2s < [OIne O :
2~ 5101520 25 O 5 10 15 20 25 X
Time (s) Time (s)
zxls6 zx1s6;snt-1(md290)
G 1 Hz H |
20 Lc/)) 0.8 50
i Illww Qg 10 n.s. @’ o =
W T W@ 08—\ ————— Tos 2 g% T -3
(2
o0 06 c & —30 € =
YW gy S 04 3020 £ Q2
zxIs6;snt-3(tm5776) S — O @ 0 ED 2
S 02 g S 10 Sl
$ &) 0.0 8 00 ouw o a § 0
0.5nA S 2 4 6 8 10 8 2 4 6 8 10 &
5n 5 . i
‘1 - Time (s) Time (s)
2s zxIs6 2x1s6:snt-3(tm5776)
J 5Hz K L
(@]
zxls6 D —~
L L oy 10 208 0% g
We os & G = Q S 15
TO ;6 n.s. c ® 29 S o
zxls6;snt-3(tm5776) J W oadl—  — 2 S0 < a0
S5 ~_0. ®02 g ¢ 20 225
TO 02 ) S0 o QY
T2 oo 500 Ouw o 2 Too
0.5nA =
oY 5 10 15 20 25 O 5 10 1520 25
2s = Time (s) Time (s)
zxls6 zx|s6;snt-3(tm5776)

Figure 6. SNT-1 and SNT-3 have differential roles in synaptic depression and replenishment. Synaptic depression and SV replenishment were inves-
tigated by applying a train light stimulus (1 Hz and 5 Hz) onto the ventral nerve cord of control animals (zxIs6) and snt-1(md290) and snt-3(tm5776) mutants with
expression of ChR2 in their cholinergic motor neurons. (A, D, G, and J) Example traces of 1-Hz and 5-Hz light train stimulus-evoked EPSCs from zxIs6 (red),
zxls6;snt-1 (blue), and zxIs6;snt-3 (blue) animals. (B, E, H, and K) Quantification of synaptic depression by normalizing the EPSC amplitude (EPSC;) to the first
EPSC amplitude (EPSCy), and depression T of the normalized EPSC amplitude (calculated by fitting the normalized depression curve using monoexponential
function; dashed gray curve). Data are mean + SEM. n.s., nonsignificant. *P < 0.05; **P < 0.01; ***P < 0.001 compared with zxIs6 (Mann-Whitney test). (c,F1,
and L) Averaged cumulative EPSC amplitudes during 1-Hz and 5-Hz trains, and quantification of the replenishment rate. Replenishment rate was described by
the slope of the cumulative EPSCs and calculated by a line fit through the linear section (dashed gray line). Data are mean + SEM. ****P < 0.0001 compared
with zxIs6 (Student’s t test).

SNT-3 in SV fusion. These results are consistent with earlier ~Ca?* binding in SNT-1 was abolished (i.e., SNT-1G2AP D3.4N; Tjy
findings in snt-I;snt-3 double mutants (Fig. 4 M). et al,, 2018). Despite this, there was no further decrease in SNT-

Unlike its effects on evoked EPSCs, the loss of SNT-3 did not 16248 D34Nispt :snt-3 mutants (Fig. 7, H and I). These results,
cause changes in mEPSCs when SNT-1 binding of Ca?>* was im-  together with the observations in snt-Lsnt-3 double mutants,
paired. Of note, mEPSC frequency was reduced by 50% when demonstrate that SNT-3 is unable to trigger tonic release. The
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Figure 7. SNT-3 triggers a delayed release when SNT-1 binding Ca* is impaired. (A) Representative images showing the SNT-3:mApple distribution in
cholinergic axons in WT and snt-1 mutant background. Scale bar, 5 um. (B) Quantification of fluorescence intensity of SNT-3::mApple. Data are mean + SEM.
n.s., nonsignificant (Student’s t test). (C-E) Example traces of evoked EPSCs and summary of the EPSC amplitude, charge transfer, and latency. Data are mean
+ SEM. ***P < 0.001 compared with WT; ###P < 0.001 compared with SNT-1€2AB D34N;snt_1;5nt-3 transgenes. n.s., nonsignificant (one-way ANOVA). (F and
G) Example traces of hypertonic sucrose-evoked currents, and quantification of charge transfer and quantal content of the sucrose-evoked currents. Data are
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mean + SEM. *P < 0.05 (one-way ANOVA). (H and 1) Representative mEPSC traces and summary of mEPSC frequency and amplitude from the indicated
genotypes and transgenes. Data are mean + SEM. **P < 0.01, ***P < 0.001 compared with WT; ##P < 0.01 compared with SNT-1¢2AB D34N;snt_1:5nt-3

transgenes. n.s., nonsignificant (one-way ANOVA following Kruskal-Wallis test).

increase in mEPSC amplitude when Ca2* binding in SNT-1 was
abolished is similar to that of snt-1-null mutants, suggesting that
the endocytic role of SNT-1 mutants requires Ca?* binding.

Ca?* binding to the C2B domain of SNT-3 is essential for SV
release

Given the Ca?*-binding properties and the conserved Ca2*-
binding sites in the C2 domain of SNT-3, we next examined the
impact of C2A versus C2B mutations on SNT-3 function. SNT-3
rescue constructs carrying mutations of the third and fourth
Ca2*-binding sites (aspartate to asparagine, D to N) in the C2A or
C2B domains (SNT-3¢2A D3,4N gNT-3C2B D3,4N) were constructed
and expressed in snt-I;snt-3 double mutants (Fig. 8 A). Compared
with the WT SNT-3 rescue (SNT-3°*2B), Ca?* binding to the C2A
domain did not cause a change in evoked EPSCs, whereas dis-
rupting Ca?* binding to the C2B domain completely eliminated
evoked slow EPSCs (Fig. 8, B and C). These results demonstrate
that the role of SNT-3 in triggering Ca?*-dependent release is
predominately determined by the C2B domain binding of Ca®*,
differing from the mouse slow Ca** sensor, Syt7, which triggers
slow asynchronous release through its C2A domain (Bacaj et al.,
2013).

As SNT-3 is not required for tonic release (Fig. 1 and Fig. 7), it
is unlikely that the Ca®*-binding mutations in SNT-3 would
cause changes in mEPSC frequency. Compared with the WT
SNT-3 rescue in snt-I;snt-3 double mutants, Ca®*-binding muta-
tions in the C2A domain (SNT-3624 D3.4N:snt_1-snt-3) did not alter
mEPSC frequency; however, Ca?*-binding mutations in the C2B
domain (SNT-3628 P3:4N;snt-1;snt-3) caused a significant decrease
in mEPSC frequency (6.4 + 2.4 Hz vs. 1.7 + 0.9 Hz; Fig. 8, D and
E), probably due to the fact that the C2B DN mutations produced
an even stronger defect in endocytosis than snt-1 mutants based
on the increase in mEPSC amplitude. In fact, it has been reported
that, at the fly NMJ, C2B DN mutations in Sytl caused an even
stronger decrease in neurotransmitter release than that in Sytl-
null mutants (Mackler et al., 2002). Moreover, the mEPSC am-
plitude was increased by the overexpression of WT or mutated
SNT-3 in snt-Isnt-3 double mutants (Fig. 8 and Fig. S7). Given
that the vesicle size was decreased in snt-3 mutants (Fig. 4), this
may represent an opposing effect in vesicle recycling induced by
overexpression of SNT-3.

Cytoplasmic SNT-1 is functional and triggers fast release

Given the distinct N termini of SNT-3 and SNT-1, we wondered
if this region accounts for the differences in their release
properties. To address this question, we made SNT-1 rescue
constructs deleting either the TM domain (70-96 aa; SNT-14T™)
or the whole N terminus (0-155 aa; SNT-12N; Fig. 9 A). We found
that the expression levels of SNT-12™::mApple and SNT-14N::
mApple in cell bodies were comparable between WT and unc-104
mutants (data not shown), unlike the SNT-1::mApple, which
exhibited increased fluorescence in cell bodies in the unc-104
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mutant background (Fig. 2 H). This indicates that SNT-1 is not
targeted to SVs when the TM domain is removed.

Despite the loss of SV association, both SNT-14T™::mApple
and SNT-12N::mApple exhibited similar distributions to SNT-1::
mApple in cholinergic synapses, as well as good colocalization
with UNC-10::GFP (Fig. 9 B), indicating that the synaptic local-
ization of SNT-1 is not determined by its N-terminal-mediated
membrane tethering. Instead, its C2 domains appear to be suf-
ficient to promote targeting at active zones. To confirm this, we
examined the distribution of the individual C2A and C2B do-
mains. Our results showed that both C2A:mApple and C2B:
mApple displayed good colocalization with UNC-10::GFP (Fig.
S8), demonstrating the important roles of C2 domains in local-
izing SNT-1, likely by interacting with the SNARE complex and
the plasma membrane.

We then examined whether cytoplasmic SNT-1 is functional.
The snt-1 mutants rescued by neuronal expression of SNT-1AT™
or SNT-1%N exhibited significantly better movement than snt-1
mutant worms, with locomotion speed being restored to an al-
most WT level (~85% of WT; Fig. 9, C and D), demonstrating that
cytoplasmic SNT-1 was still functional in the nervous system.
The body length of the snt-I mutant worms was significantly
rescued by SNT-12™ or SNT-12N (Fig. S9). Moreover, the SNT-
1A™ and SNT-12N rescued worms displayed smooth backward
movement compared with snt-1 mutants, which exhibited jerky,
uncoordinated backward locomotion (data not shown). Consis-
tent with the locomotion results, evoked EPSCs were partially
restored by SNT-12™ or SNT-12N, as demonstrated by record-
ings in both 1 mM Ca?* and 0.5 mM Ca?* (Fig. 9, E-H). The
evoked EPSC rise time, latency, and amplitude were nearly in-
distinguishable from those rescued by full-length SNT-1 (SNT-
16248 in 1 mM Ca>*), although the EPSC decay in SNT-14™ and
SNT-12N rescued animals was significantly faster than that ob-
served in the SNT-1¢2AB rescued animals, leading to a decreased
charge transfer (Fig. 9 H). The faster decay of the evoked EPSCs
did not arise from a change in the inactivation of postsynaptic
AChRs, as the decay of the averaged mEPSCs was unaltered in
SNT-12™ and SNT-12N rescued animals (Fig. S10, A and B).
Although it is still unclear how deleting the TM domain results
in faster decay, our results demonstrate that cytoplasmic
SNT-1is still able to trigger fast neurotransmitter release.

Despite the fast release kinetics observed in SNT-14™ and
SNT-12N rescued animals, the evoked EPSC amplitudes in these
animals were significantly lower than those in the full-length
SNT-1 rescued animals in 0.5 mM Ca?* (Fig. 9, F-H), suggesting
that SNT-1-SV tethering determines the amount of neuro-
transmitter release, perhaps due to looser coupling between
docked SVs and Ca** entry. Decreasing the Ca** concentration
from 1 mM to 0.5 mM led to similar reductions in evoked charge
transfer in WT (51%), SNT-12TM rescued worms (60%), and SNT-
12N rescued worms (56%), indicating that disrupting SNT-1-SV
tethering does not affect the Ca?* dependence of SV release (data
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Figure 8. Ca?* binding by the C2B domain in SNT-3 triggers delayed evoked neurotransmitter release. (A) WT (SNT-3-) and mutated SNT-3 rescue
constructs containing Ca*-binding mutations in the C2A or C2B domains (SNT-3¢2A PN, SNT-3¢28 DN) (B and C) Representative traces of evoked EPSCs, and
quantification of the EPSC amplitude and charge transfer from the indicated genotypes and transgenes. Disrupting Ca?* binding in the C2B domain, but not the
C2A domain, in SNT-3 blocked SNT-3-mediated evoked EPSCs. Data are mean + SEM. **P < 0.01, ***P < 0.001 compared with WT; ###P < 0.001 compared
with SNT-32AB;snt-1;snt-3 transgenes. n.s., nonsignificant compared with SNT-32AB;snt-I;snt-3 transgenes (one-way ANOVA). (D and E) Example mEPSC
traces and averaged mEPSC frequency and amplitude from the indicated genotypes and transgenes. Data are mean + SEM. **P < 0.05, ***P < 0.001 compared
with WT; **P < 0.01 compared to snt-1;snt-3 double mutants; ###P < 0.001 compared with SNT-3%AB;snt-1;snt-3 transgenes. n.s., nonsignificant compared
with SNT-3248;snt-1;snt-3 transgenes (one-way ANOVA).

not shown). We next examined whether SNT-1-SV tethering is  calculated by the ratio of the evoked charge transfer to the total
required for priming. Our data revealed that both the sucrose- charge transfer in the RRP (Gerber et al., 2008; Li et al., 2019),
evoked charge transfer and quantal content were unchanged in was markedly decreased by disrupting SNT-1-SV tethering
SNT-12™ and SNT-12N rescued animals compared with full-  (Fig. 9 K).

length SNT-1 rescue animals (Fig. 9, I and J), indicating that Consistent with our evoked EPSC results, the mEPSC fre-
the SNT-1-SV tethering is not necessary for priming. Conse- quency was rescued by 50% of that observed in SNT-1C2AB
quently, the probability of neurotransmitter release (P,;), rescue by SNT-1T™ and SNT-12Y in snt-1 mutants in both 1 mM
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Figure 9. Cytoplasmic SNT-1 supports locomotion and triggers fast neurotransmitter release. (A) Generation of cytoplasmic SNT-1 rescue constructs
(SNT-12™ and SNT-12N). (B) Synaptic localization of SNT-1:mApple, SNT-12™:mApple, and SNT-12N::mApple in cholinergic axons (under the unc-129
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promoter). Both cytoplasmic SNT-1 constructs display similar distribution with the full-length SNT-1and exhibit well colocalization with the active zone marker
UNC-10::GFP. (C and D) Representative locomotory trajectories and quantification of the average locomotion speed for the indicated genotypes, including WT,
snt-1, full-length SNT-1 rescue, and cytoplasmic SNT-1 rescue (SNT-12™ and SNT-12N) in snt-1 mutants. Data are mean + SEM. ***P < 0.001 compared with
WT; ###P < 0.001 compared with snt-1 mutants. n.s., nonsignificant (one-way ANOVA). (E-H) Example traces of evoked EPSCs recorded in both 1 mM and
0.5 mM Ca?* solution, and quantification of the EPSC amplitude, charge transfer, and latency from the same genotypes and transgenes in C. Data are mean
SEM. ***P < 0.001 compared with WT; ##P < 0.01, ###P < 0.001 compared with full-length SNT-1 rescue. n.s., nonsignificant (one-way ANOVA). (I and
J) Example traces of hypertonic sucrose-evoked currents, and quantification of charge transfer and quantal content from snt-1 mutants rescued by full-length
or cytoplasmic SNT-1. Data are mean + SEM. (K) Quantification of the release probability (P,,). Data are mean + SEM. #P < 0.05; ##P < 0.01 compared with
full-length SNT-1 rescue (one-way ANOVA). (L and M) Example mEPSC traces and averaged mEPSC frequency and amplitude from the indicated genotypes
and transgenes. Data are mean + SEM. **P < 0.01; ***P < 0.001 compared with WT; ###P < 0.001 compared with full-length SNT-1rescue. n.s., nonsignificant

(one-way ANOVA).

Ca?* and 0.5 mM Ca?*, with the mEPSC amplitude and charge
being nearly completely rescued (Fig. 9, L and M; Fig. S9 C; and
Table S1). This indicates that cytoplasmic SNT-1 is also capable of
triggering tonic release. Taken together, our results demonstrate
that cytoplasmic SNT-1 is still capable of supporting locomotory
behavior and triggering fast Ca?*-dependent neurotransmitter
release, but that SNT-1-SV untethering negatively impacts re-
lease probability. Moreover, these data suggest that the distinct
release properties of SNT-1 and SNT-3 arise from their intrin-
sically different C2 domains.

Discussion

Of the 17 identified mammalian Syt isoforms, several are known
to act as Ca2?* sensors used to trigger Ca?*-dependent neuro-
transmitter release, including Sytl, Syt2, Syt7, and Syt9 (Geppert
et al., 1994; Lee et al., 2013; Littleton et al., 1993; Luo et al., 2015;
Stevens and Sullivan, 2003; Weber et al., 2014; Xu et al., 2007).
Of the seven known Syts in C. elegans, only SNT-1 has been
shown to act as a Ca?* sensor for neurotransmitter release. A
behavioral and electrophysiological screen of the remaining Syt
genes in C. elegans identified a new Ca?* sensor, SNT-3, which is
required for delayed neurotransmitter release. Unlike other
known Ca2* sensors in the Syt family, SNT-3 has a truncated N
terminus that lacks a TM domain. Despite this structural dif-
ference, our results demonstrate that this short Syt isoform
plays essential roles in the nervous system and triggers delayed
Ca%*-dependent neurotransmitter release in the absence of SNT-1,
the fast Ca2* sensor in C. elegans. Thus, our findings provide sig-
nificant insights into the molecular mechanisms whereby Ca?*
sensors regulate fast and slow neurotransmitter release.

The dual Ca?* sensor model for Ca?*-dependent
neurotransmitter release

A dual Ca?* sensor system has been found in many neuronal
types, such as hippocampal and cortical neurons in mouse and
motor neurons in zebrafish, in which either Sytl or Syt2 is
employed as the fast Ca?* sensor to trigger fast synchronous
release, and Syt7 is employed as the slow Ca?* sensor to trigger
slow asynchronous release. Our findings reveal an alternative
dual Ca2* sensor system at the worm NM]J, which uses SNT-1and
SNT-3 to trigger fast and delayed neurotransmitter release,
thereby extending the two-Ca?*-sensor system to invertebrates.
Although we cannot conclude that SNT-3 is a slow Ca?* sensor
like Syt7 due to the fast decay of the evoked EPSCs mediated by
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SNT-3, these two Ca?* sensors share many similarities, including
localization and function. It should be noted that not all model
organisms use a two-Ca**-sensor system for SV exocytosis. One
recent study showed that Syt7 negatively regulates SV release at
the Drosophila NM]J, with Syt1/7 double mutants displaying more
release than Sytl mutants alone, suggesting that the two-Ca?*-
sensor system of Sytl and Syt7 is not applicable at Drosophila
synapses (Guan et al., 2020).

The worm dual-Ca?*-sensor system has analogous features to
those of mice in several respects. First, the two Ca?* sensors are
tethered on distinct cellular membranes. Both Syt-1 and SNT-
1 have a conserved N-terminal TM domain, which tethers the
proteins on SVs (Fig. 2; Brose et al., 1992; Li et al., 2018; Littleton
etal., 1993). In contrast, the TM domain in Syt7 anchors it on the
plasma membrane (Maximov et al., 2008; Sugita et al., 2001). In
contrast to neuroendocrine cells, Syt7 is colocalized with Sytl on
secretory granules (Schonn et al., 2008; Wang et al., 2005).
Moreover, Syt7 is localized to an internal membrane tubular
network within the periactive zone (Guan et al., 2020). Never-
theless, SNT-3 does not appear to be associated with SVs as it
lacks a TM domain, does not undergo a change in expression
pattern in unc-13 mutants, and is not retained in the cell soma
upon disruption of the SV kinesin motor protein, UNC-104
(Fig. 2). The C2 domains in SNT-3, however, do exhibit Ca®*-
dependent membrane binding (Fig. 3), suggesting that this cy-
toplasmic Ca2* sensor may interact with either the SV or plasma
membrane once activated. Second, knockout of either of the two
Ca?* sensors produces similar effects on baseline neurotrans-
mitter release. The fast evoked EPSCs are similarly reduced in
mouse/fly Sytl mutants and worm snt-1 mutants (Lee et al., 2013;
Li et al., 2018; Nishiki and Augustine, 2004; Xu et al., 2007;
Yoshihara and Littleton, 2002) with prolonged latency. Whereas
evoked EPSCs are unaltered in Syt7 knockout mice or snt-3
mutant worms (Bacaj et al., 2013; Maximov et al., 2008;
Weber et al., 2014), the effect of Syt7 or SNT-3 knockout on
baseline evoked transmitter release is only observed in the ab-
sence of Sytl or SNT-1 (Fig. 1), suggesting a common mechanism
by which the primary Ca?* sensor (Sytl and SNT-1) suppresses
the secondary Ca?* sensor (Syt7 and SNT-3) under physiological
conditions. Third, simultaneous loss of both Ca2?* sensors
(i.e., Sytl/7 and SNT-1/3) reduces the size of the readily releas-
able vesicle pool to almost the same extent (Fig. 4), suggesting
similar functions in regulating priming (Bacaj et al., 2015).

These similarities indicate that the dual-Ca?*-sensor system
may operate via similar mechanisms in distinct model organisms.
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It has been proposed that the slow Ca%* sensor, Syt7, is somehow
suppressed by the fast Ca%* sensor, Sytl, based on the observa-
tion that the asynchronous release mediated by Syt7 is increased
in Syt1 knockout neurons (Nishiki and Augustine, 2004; Yoshihara
et al.,, 2010). Our data support this notion by showing that SNT-3
cannot be activated in the presence of SNT-1. One possible model
for this suppression is that the local Ca?* concentration decays
rapidly due to the fast robust Ca** buffering of SNT-1, which
prevents Ca?* binding to SNT-3. This hypothesis is supported by
our findings that SNT-3 can be activated when Ca®* binding to
SNT-1 is impaired (Fig. 7). In the mouse central nervous system,
the contribution of Syt7 to transmitter release can also be ob-
served by prolonging the duration of depolarization (Luo et al.,
2015) or applying multiple stimuli (Jackman et al., 2016), all of
which could elevate and prolong the local Ca2* concentration
allowing Syt7 activation.

Ca?* sensors in docking and priming

Despite the functional importance and similarities of the fast
Ca%* sensor Syts in triggering fast synchronous release, their
functions in SV priming remain controversial. The RRP is un-
altered or decreased in Sytl or Syt2 knockout neurons in cul-
tured hippocampal or cortical neurons (Bacaj et al., 2015; Liu
et al., 2009a; Pang et al., 2006), and it is almost abolished by
the loss of Sytl in the fly NMJ (Yoshihara et al., 2010). Although
the total sucrose-evoked charge transfer was normal in snt-I
mutants, the quantal content in the RRP was slightly but sig-
nificantly reduced (30%; Fig. 4), indicating that SNT-1 plays a
minor role in priming. Despite these inconsistent observations
regarding fast Ca®* sensors in priming, knockout of Syt7 or SNT-
3 does not cause a priming defect due to compensation by Sytl or
SNT-1. This was confirmed by the substantial decrease in the
sucrose-evoked charge transfer and quantal content in the snt-1;
snt-3 double mutants (Fig. 4) and in Syt1/7 double-knockout
neurons (Bacaj et al., 2015). Our findings therefore support the
notion that both Ca®* sensors may contribute to SV priming
(i.e., Sytl/7 and SNT-1/3).

SV docking has been shown to be normal in Sytl knockout
neurons in the mouse central nervous system (Geppert et al.,
1994; Imig et al., 2014); however, the docking process is severely
disrupted in fly Sytl mutants, with the numbers of total and
docked SVs largely reduced, which may underlie the profound
decrease in the RRP at the fly NM]J (Lee et al., 2013; Reist et al.,
1998). We found that the total number of SVs in synaptic ter-
minals was decreased by 50% with the loss of SNT-1, which is
consistent with previous findings supporting a role for SNT-1in
endocytosis (Jorgensen et al., 1995; Yu et al., 2013; Fig. 4). While
the number of docked SVs was not significantly reduced in snt-1
mutants, vesicles that were docked proximal to the DP were,
indicating that SNT-1 may impact the stability of SV docking and
contribute to the loss of fast synchronous release. The decreased
total number of SVs in snt-1 mutants due to endocytic defects
may account for the slow replenishment rate of the vesicle pool
following a train stimulus (Fig. 6).

Unexpectedly, we observed a decreased terminal area and
increased number of docked SVs in snt-3 mutants (Fig. 4), in-
dicating that SNT-3 has additional unknown functions at the
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synapse. Interestingly, the increase in docked SVs did not result
in a larger RRP in snt-3 mutants. One possibility is that SNT-3 is
required for full zippering of the SNARE complex in the priming
process, with some vesicles appearing docked but not fusion
competent in snt-3 mutants. It is striking that the decreased total
SV number in snt-1 mutants was suppressed in snt-I;snt-3 double
mutants (Fig. 4). This likely results from an accumulation of SVs
due to the complete loss of evoked synaptic transmission in
these double mutants.

Syts and vesicle size

This study revealed different roles for SNT-1 and SNT-3 in the
regulation of vesicle size. The vesicle diameter and mEPSC
amplitude were both increased in snt-1 mutants (Fig. 1 and
Fig. 4). This likely arises from a defect in endocytosis, leading to
the release of abnormally large SVs, possibly including the
irregular vesicles that accumulate in snt-1 mutants, as previously
reported (Jorgensen et al., 1995, Yu et al.,, 2013). A similar in-
crease in vesicle diameter has been observed in other C. elegans
mutants implicated in endocytosis (Gu et al., 2013; Mullen et al.,
2012; Ritter et al., 2013; Zhang et al., 1998). Moreover, knockout
of Sytl in the fly NM]J also results in increased vesicle diameter
(Lee et al., 2013), and prior studies have reported that, in addi-
tion to triggering exocytosis as a Ca?* sensor, Sytl also plays
essential roles in endocytosis by interacting with endocytic
proteins (Fergestad and Broadie, 2001; Lazzell et al., 2004;
Phillips et al., 2000; Schivell et al., 2005). Furthermore, the role
of Sytl in endocytosis is Ca?* dependent. Thus, SNT-1 and Sytl
have conserved functions in regulating vesicle size.

In contrast to snt-1 mutants, the vesicle diameter was de-
creased by the loss of SNT-3, although we did not see a corre-
sponding change in mEPSC amplitude in snt-3 mutants, possibly
because the decrease in vesicle size was relatively small. How-
ever, knockout of snt-3 in the snt-1 mutant background (i.e., snt-1;
snt-3 double mutant) produced a more profound decrease in
vesicle diameter than that observed in the snt-3 single mutants,
suppressing the effects of SNT-1 on vesicle diameter, although
abnormal numbers of irregular vesicles were still present (Fig. 4
E and Fig. S4). Moreover, overexpression of SNT-3 in snt-I;snt-3
double mutants caused an even larger mEPSC amplitude than
that obtained in snt-1 mutants. These results reveal that SNT-1
and SNT-3 have opposing roles in regulating vesicle size. Based
on these observations, it appears that both SNT-1 and SNT-3 are
likely to be involved in the endocytic process, possibly func-
tioning antagonistically, with SNT-1 promoting endocytosis and
SNT-3 inhibiting it.

Functional importance of membrane tethering in fast and slow
Ca?* sensors

Syt was originally defined as a TM protein with cytoplasmic C2
domains, with all characterized Syt Ca?* sensors possessing an
N-terminal TM domain that tethers the proteins on distinct
cellular membranes (Brose et al., 1992; Littleton et al., 1993; Perin
etal., 1990; Sugita et al., 2001). One exception is the mouse Syt17
isoform, which does not possess an N-terminal TM domain
(Kwon et al., 1996); however, recent studies have revealed that
its C2 domains do not bind Ca?* or trigger membrane fusion
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(Ruhl et al., 2019). Our finding that SNT-3 lacks a TM domain
but triggers Ca*-dependent slow neurotransmitter release in C.
elegans indicates that membrane tethering may not be required
for some Syt Ca?* sensors. This notion is supported by in vitro-
reconstituted membrane fusion assays demonstrating that
cytoplasmic Sytl is fully functional and can substitute for full-
length Sytl in mediating liposome fusion (Wang et al., 2011).
However, in vivo experiments at the fly NMJ have shown that
cytoplasmic Sytl failed to restore fast synchronous neurotrans-
mitter release (Lee and Littleton, 2015). Despite these paradox-
ical observations, we found that C. elegans SNT-1 that lacks the
TM domain or the whole N terminus is still functional, as
demonstrated by the ability to rescue locomotion and synaptic
transmission (Fig. 9).

Notably, the evoked EPSCs rescued by cytoplasmic SNT-1
exhibited comparable synaptic delay to that rescued by full-
length SNT-1 (Fig. 9), indicating that SNT-1 still functions as a
fast Ca®* sensor even when it is not tethered on SVs. Interest-
ingly, the cytoplasmic region of vertebrate Sytl retains the
ability to synchronize SV release in response to a train stimulus
(Diez-Arazola et al., 2020). In contrast, we show that SNT-3 is
cytoplasmic but mediates delayed neurotransmitter release.
Together, these results indicate that the release kinetics medi-
ated by distinct Ca®* sensors appears to be determined by their
intrinsically different C2 domains rather than differences in
their membrane association. However, disrupting SNT-1-SV
tethering reduced the amplitude of fast neurotransmitter release
without changing the quantal content of the RRP (Fig. 9). Thus,
our results reveal an essential role of SNT-1-SV tethering in
regulating the probability of neurotransmitter release. One
possible explanation for this observation is that SV-tethered
SNT-1 stabilizes primed SVs close to the sites of Ca®* entry,
thereby enhancing release probability. This notion is supported
by the reduction in proximally docked SVs in snt-1 mutants.

With the exception of mouse Sytl7, SNT-3 is the only Syt
homologue lacking a TM domain. We therefore considered the
possibility that SNT-3 could be a homologue of other double-C2
domain-containing proteins, such as rabphilin-3A and Doc2,
which both lack an N-terminal TM domain. However, several
pieces of evidence do not support this notion. First, a phyloge-
netic analysis revealed that SNT-3 is closest to SNT-1 and the
mouse Sytl/2, but not mouse rabphilin-3A or Doc2 (Fig. S11).
Second, both rabphilin-3A and Doc2 have functional domains in
their N termini, a Zn?* finger domain in rabphilin-3A that binds
to Rab-3, and a MID motif (Muncl3 interaction domain) in Doc2
that binds to Muncl3. In contrast, the SNT-3 N terminus, con-
sisting of only 11 aa, does not appear to be functional. Third, the
worm RBF-1, encoded by the rbf-1 gene, appears to be the ho-
mologue of the mouse rabphilin-3A, displaying high sequence
similarity (45% in the N-terminal Zn?>* domain and 48% in the C2
domain; Staunton et al., 2001). Our unpublished results show
that synaptic transmission is not altered in either rbf-1 mu-
tants or the snt-Lrbf-1 double mutants, suggesting that RBF-1
does not function as a Ca2* sensor at C. elegans NM]Js. More-
over, rabphilin-3A and RBF-1 are known to be localized on SVs
(Staunton et al., 2001), whereas SNT-3, based on our results,
is not on SVs (Fig. 2). Fourth, Doc2 has been shown to be
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required for baseline transmission, including asynchronous
release in cultured hippocampal neurons (Yao et al., 2011) and
spontaneous release in cultured cortical neurons (Courtney
et al., 2018; Pang et al., 2011). In contrast, the snt-3 single-
mutant worms do not exhibit any synaptic transmission de-
fect, suggesting that SNT-3 is functionally different from
Doc2. Finally, our findings that cytoplasmic SNT-1 can still
trigger spontaneous and fast evoked neurotransmitter release
indicate that a TM domain is not required for a Syt to act as a
Ca?* sensor. Together, these observations support the classi-
fication of SNT-3 as a member of the Syt protein family.

Additional functions of SNT-3?

Our data further suggest that SNT-3 has additional functions
beyond serving as a Ca** sensor in the nervous system. The
synaptic terminal areas were decreased in snt-3 mutants (Fig. 4),
indicating that SNT-3 is required to maintain a normal bouton
size, although the mechanism of this regulation is unknown.
One possibility is that the smaller SV diameter observed in snt-3
mutants, combined with potentially higher levels of endocytosis,
results in less membrane incorporation and smaller terminal
size.

In addition to functioning at presynaptic sites, SNT-3 may
also have a postsynaptic role, as indicated by its expression in
body wall muscles. Recent studies have revealed that several
Syts, such as Sytl, Syt7, and Syt3, play essential roles in post-
synaptic AMPA receptor internalization, thereby regulating
synaptic strength and long-term potentiation (Awasthi et al.,
2019; Wu et al., 2017). Blocking postsynaptic expression of
these Syts does not impair basal synaptic transmission or the
levels of AMPA receptors. In agreement with these results, our
data showed that ACh-activated currents were normal in snt-3
mutants (Fig. S5), suggesting that the function and surface levels
of AChRs are unaltered. It is still possible that SNT-3 is required
for activity-induced receptor trafficking and endocytosis. These
observations, together with changes in vesicle size, provide in-
triguing future research directions of SNT-3.

Materials and methods

Strains

Animals were cultivated at RT on nematode growth medium
agar plates seeded with OP50 bacteria. On the day before ex-
periments, L4 larval stage animals were transferred to fresh
plates seeded with OP50 bacteria for all the electrophysiological
recordings. The following strains were used: WT, N2 bristol;
NM204 snt-1(md290); TM5776 snt-3(tm5776); CX1034 snt-
3(ky1034); ZTH666 snt-1(md290); snt-3(tm5776); ZTH795 snt-
1(md290); snt-3(ky1034); ZX460 zxIs6 [Punc-17::ChR2(H134R):
YFP]; ZTH62 zxIs6; snt-1(md290); ZTH960 zxIs6; snt-3(tm5776);
EG5793 0xSi91 [Punc-17::ChIEF::mCherry]; ZTH655 0xSi91;
snt-3(tm5776); ZTH728 hztEx375 [Psnt-3:mApple]; ZTH760
hztEx375; vsls48 [Punc-17:GFP]; ZTH765 hztEx375; juls76
[Punc-25::GFP]; ZTH380 hztEx380 [Punc-129:SNT-1::mApple];
ZTH674 hztEx381 [Punc-129::SNT-3::mApple]; hztEx366 [Punc-
129::SNT-1::GFP]; ZTH675 hztEx381; nuls431 [Punc-129::RAB-3::
GFP]; ZTH673 hztEx381; nulsl65 [Punc-129::UNC-10::GFP];
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ZTH664 hztEx381; nulsl84 [Punc-129:APT-4:GFP]; ZTH394
nulsl165; hztEx380 [Punc-129:SNT-1::mApple]; ZTH739 nulslé5;
hztEx390 [Punc-129:SNT-1°N::mApple]; ZTH867 nulsl65; hztEx391
[Punc-129:SNT-12™::mApple]; ZTH846 nulsl65; hztEx392 [Punc-
129::SNT-1(C2A)::mApple]; ZTH833 nulsl65; hztEx393 [Punc-129:
SNT-1(C2B):mApple]; ZTH746 hztEx380; unc-13(s69); ZTH748
hztEx381; unc-13(s69); ZTH 679 hztEx381; snt-1(md290); JSD1039
tauSi4 [Psnb-1:UNC-13L]; unc-13(s69); ZTH793 tauSi4; unc-13(s69);
snt-3(tm5776); ZTH456 hztSil [Psnb-1:UNC-13MR]; unc-13(s69);
ZTH759 hztSil; unc-13(s69); snt-3(tm5776); ZTH403 hztEx001
[Psnb-1:SNT-1]; snt-1(md290); ZTH730 hztEx387 [Psnb-1:SNT-
12N]; snt-1(md290); ZTH734 hztEx388 [Psnb-1:SNT-1ATM]; snt-
1(md290); ZTH672 hztEx149 [Prab-3:SNT-3]; snt-3(tm5776);
ZTH698 hztEx149; snt-1(md290); snt-3(tm5776); ZTH719 hztSi8
[Prab-3::SNT-3]; snt-3(tm5776); ZTH688 hztEx001 [Psnb-1:SNT-1];
snt-1(md290); snt-3(tm5776); ZTH412 hztEx412 [Psnb-1:SNT-162A
D3,4N]: snt-1(md290); ZTH413 hztEx413 [Psnb-1:SNT-1628 D3.4N]; snt-
1(md290); ZTH254 hztEx254 [Psnb-1:SNT-192AB D34N].  gpt.
1(md290); ZTH723 hztEx412; snt-1(md290); snt-3(tm5776); ZTH687
hztEx413; snt-1(md290); snt-3(tm5776); ZTH713 hztEx254; snt-
1(md290); snt-3(tm5776); ZTH758 hztEx254; hztEx149 [Prab-3:
SNT-3]; snt-1(md290); snt-3(tm5776); ZTH775 hztEx152 [Prab-3:
SNT-3¢2A D34N|. snt 1(md290); snt-3(tm5776); ZTH841 hztEx153
[Prab-3::SNT-3¢28 D3.4N]; snt-1(md290); snt-3(tm5776); and ZTHS65
hztEx254; hztEx151; snt-1(md290); snt-3(tm5776).

Constructs

A 1.3-kb c¢DNA corresponding to snt-la was amplified by PCR
from the N2 cDNA library and inserted into MCSII (multiple
cloning site II) of the JB6 vector between the KpnlI and NotI sites.
The snb-1 promoter was inserted into MCSI between the Sphl
and BamHI sites. The plasmids used for expression of GFP or
mApple were based on the JB6 backbone under the control of the
unc-129 promoter. The cDNA of snt-3 was cloned into a miniMOS
vector backbone phzt609 (a derivative of pCFJ910) between
Xmal and NotI after the rab-3 promoter.

Primers used in this study

snt-3(ky1034) genotyping—forward: 5'-TTCAGTGAGCTTATG
TTGGTGT-3’, reverse:5 -ATTTCGAATTCAAAGCAAAGGCA-3';
snt-3(tm5776) genotyping—forward:5'-GGGTTCGACAACTGTG
GCCA-3', reverse:5'-GCCGAAGAGTTACCTGCCAT-3'; Prab-3:
SNT-3—forward:5'-AGCCCGGGAAAAAATGTCAGTGTCCAAA
AAGAA-3', reverse: 5'-TCGCGGCCGCCTAATCATCATTGAAAG
G-3'; Psnt-3:mApple—forward: 5-TTGGCTAGCTCACGTGAT
ACAATGCCCCC-3', reverse: 5'-TCAGATCTACTGCAAAGAAAA
TCATTAGTACACCA-3'; Punc-129::SNT-1::mApple—forward: 5’-
ACATGGTACCATGGTGAAATTAGACTTTTCGTCGC-3’, reverse:
5'-CGGCGGCCGCTTATTTCTTATCATCTTTCTTATCACCTTCTT
CT-3'; Punc-129:SNT-3:mApple—forward: 5'-AGCCCGGGAA
AAAATGTCAGTGTCCAAAAAGAA-3', reverse: 5'-TCGCGGCCG
CCTAATCATCATTGAAAGG-3'; SNT-1(C2A D3,4N) mutations—
forward: 5'-GTCTTTGCAATTTATAATTTCAATCGGTTCAGTAAG
CAC-3', reverse: 5'-GTGCTTACTGAACCGATTGAAATTATAAAT
TGCAAAGAC-3'; SNT-1(C2B D3,4N) mutations forward: 5'-GAT
CACTGTGATGAATTATAATAAACTTGGATCCAAT-3’; SNT-1(C2B
D3,4N) mutations reverse: 5'-ATTGGATCCAAGTTTATTATAATT
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CATCACAGTGATC-3’; SNT-3(C2A D3,4N) mutations—forward:
5 -GTGTTCAATTTTAATCGATTTGGAAAACATGACCAGA-3', re-
verse: 5'-CGATTAAAATTGAACACATTAAGAACCAAAGTTTGA
CC-3'; SNT-3(C2B D3,4N) mutations—forward: 5'-TCCAATTAC
AATAGAGTTGGTTCCAATGAACG-3', reverse: 5'-ACTCTATTG
TAATTGGATACCGTCACATGAAGGT-3’;  Prab-3:NSNT-1-SNT-
3—forward: 5'-TCCCCGGGATGGTGAAATTAGACTTTTC-3’, Prab-
3::NSNT-1-SNT-3 inner—reverse: 5 -GGACACTGATTTTTCTTC
AGCTTGTTCTTTTTCATTTT-3'; Prab-3:NSNT-1-SNT-3 inner—
forward: 5'-GAAAAATCAGTGTCCAAAAAGAAAGACG-3', Prab-3::
NSNT-1-SNT-3—reverse:  5'-TCGCGGCCGCCTAATCATCATTGAA
AGG-3'; Psnb-1:SNT-1(AN)-forward: 5'-CCATGGAAGAAGTGAAAC
TTGGAAGGA-3’, reverse: 5'-CACTTCTTCCATGGTACCGGTCGAATT
CG-3'; Psnb-1:SNT-1(ATM)—forward: 5-TGCAACAACGGAAGT
TATTTGGAAAAAAGCGGC-3', reverse: 5-CTTCCGTTGTTGCAT
AACCTTTTCTTTCACAACGTCT-3'; Punc-129::C2A:mApple— forward:
5'-TCCCCGGGAAAAAATGGAAGAAGTGAAACTTG-3’, reverse: 5'-
TAGCGGCCGCCGGAATGAGAACTTGTC-3'; Punc-129:C2B:mApple—
forward: 5'-TCCCCGGGAAAAAATGGATGACAAAGAAGCTGAG-3/,
reverse: 5'-TAGCGGCCGCTCCCAATAGACACCTTC-3'; pET28a snt-
1 C2AB—forward: 5'-ATTCGAGCTCAAAGAAGAAGTGAAAC-3’, re-
verse: 5'-GGTGCTCGAGTTATTTCTTATCATCTTT-3'; pET28a
SNT-3—forward:  5'-ATTCGAGCTCATGTCAGTGTCCAAAAAG-3/,
reverse: 5'-GGTGCTCGAGCTAATCATCATTGAAAGG-3'.

Transgenes and germline transformation
Transgenic strains were isolated by microinjection of various
plasmids by using either Pmyo-2::NLS-GFP (KP#1106) or Pmyo-
2:NLS-mCherry (KP#1480) as the coinjection marker. The
single-copy insertion lines were generated by using miniMos
transposon (Frgkjeer-Jensen et al., 2014).

Locomotion and behavioral assays

Young adult animals were washed with a drop of PBS and then
transferred to fresh nematode growth medium plates with no
bacterial lawn (30 worms per plate). Worm movement record-
ings (under room temperature 22°C) were started 10 min after
the worms were transferred. A 2-min digital video of each plate
was captured at a 3.75-Hz frame rate by WormLab System (MBF
Bioscience). Average speed and tracks were generated for each
animal by using WormLab software.

Fluorescence imaging

Animals were immobilized on 2% agarose pads with 20 mM
levamisole. Fluorescence imaging was performed on a spinning-
disk confocal system (3i Yokogawa W1 SDC, Evolve EMCCD;
Photometrics) controlled by Slidebook 6.0 software. Animals
were imaged with an Olympus 100x 1.4 NA Plan-Apochromat
objective at RT. A Z series of optical sections was acquired in
0.13-pm steps. Images were deconvolved with Huygens Profes-
sional version 16.10 (Scientific Volume Imaging) and processed
to yield maximum-intensity projections by using Image]J version
1.53a (Wayne Rasband, National Institutes of Health).

Recombinant protein production and purification
cDNA encoding the C2AB fragment of C. elegans SNT-1 (WT and
the SNT-1D3,4N) and SNT-3 (WT and the SNT-3 D3,4N mutant)
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was subcloned into the pET28a vector. Recombinant proteins
were expressed as N-terminal hisé-tagged fusion proteins in the
Escherichia coli strain BL21(DE3). Bacteria overnights (3 ml) were
transferred to 500 ml of Terrific Broth media. The culture was
further grown at 37°C to reach ODgq0 of 0.8. IPTG was added to
induce protein production (final [IPTG] = 0.2 mM), and the
culture was further grown overnight (shaking at 200 rpm at
15°C). Bacteria was harvested by using centrifugation and was
lysed by sonication in the Hepes buffer containing 20 mM Hepes
(pH 8.0), 300 mM NaCl, and 15 mM imidazole. Proteins were
incubated overnight with Ni-NTA agarose beads. Bound pro-
teins were washed three times with Hepes buffer and eluted by
using the elution buffer (20 mM Hepes, pH 8.0, 300 mM Nacl,
and 200 mM imidazole). Purified proteins were dialyzed against
the dialysis buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, and
1 mM DTT).

Liposomes

Phospholipids were dried under compressed nitrogen for
30 min. Residue chloroform was removed by using a Freeze Dry
System (FreeZone 2.5 L Benchtop Freeze Dry) for 2 h. Dried
lipids were reconstituted by vortexing in the Hepes buffer
(50 mM Hepes, pH 7.4, and 150 mM NaCl). Liposomes were
prepared by using mini-extruders (Avanti Polar Lipids), 200 nm
Nuclepore Track-Etch membranes (Cat. #7007865; Whatman),
and filter supports (Cat. #610014; Avanti Polar Lipids), as pre-
viously described.

Liposome cosedimentation

Recombinant proteins were prespined in open-top thickwall
polycarbonate tubes (Cat. #349622; Beckman Coulter Optima) by
using a Beckman TLA100.3 rotor at 65,000 rpm for 3 h to re-
move aggregates. Next, prespined protein (2 uM) was incubated
with liposomes (1 mM total lipids; 75% zwitterionic dio-
leoylphosphatidylcholine/25% anionic ~ dioleoylphosphatidyl
serine) in Hepes buffer with either 1 mM EGTA or 1 mM Ca?* at
RT for 30 min. Protein liposome samples were centrifuged in
open-top thickwall polycarbonate tubes (Cat. #343775; Beckman
Coulter Optima) by using a Beckman TLA100 rotor at 65,000 rpm
for 1.5 h. The supernatant and pellet were collected and analyzed
by using electrophoresis. Approximately 18% of total, supernatant,
and pellet samples were loaded onto SDS-PAGE gels. Protein bands
were visualized with Coomassie blue staining and were analyzed
by using Image].

ITC

ITC experiments were performed by using a Microcal ITC200
instrument (Malvern) at 298 K. Prior to ITC experiments, SNT-3
was incubated with 10 mM EDTA for 2 h to remove any metal
ions bound to the protein and dialyzed excessively against the
working buffer (50 mM Hepes, pH 7.5, 200 mM NaCl, 2 mM
B-mercaptoethanol) to remove EDTA. 50 uM SNT-3 was then
titrated against 2 mM Ca?* ions by using a series of 13 injections
of 3.22 pl each with 180-s intervals. The dissociation constant
(1/K,), enthalpy of binding (AH), and stoichiometry of the binding
reaction (N) were calculated by fitting the data to a single-site
binding model by using MicroCal PEAQ-ITC software. The Gibbs
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free energy of binding (AG) and entropy of the reaction (AS) were
calculated by using the equations AG = RTIn(K,) and AG = AH -
TAS, respectively. Experiments were performed in triplicate to
check for reproducibility, with the average values of three ex-
periments reported. The SDs of each parameter were also calcu-
lated from the three trials.

Electrophysiology

Electrophysiology was conducted on dissected C. elegans, as
previously described (Hu et al., 2012). Worms were superfused
in an extracellular solution containing 127 mM NaCl, 5 mM KCl,
26 mM NaHCO;, 1.25 mM NaH,PO,, 20 mM glucose, 1 mM CaCl,,
and 4 mM MgCl,; and bubbled with 5% CO,, 95% O, at 20°C.
Whole-cell recordings were performed at -60 mV for all EPSCs,
including mEPSCs, evoked EPSCs, and sucrose-evoked re-
sponses. The internal solution contained 105 mM CH303SCs,
10 mM CsCl, 15 mM CsF, 4 mM MgCl,, 5 mM EGTA, 0.25 mM
CaCl,, 10 mM Hepes, and 4 mM Na,ATP, adjusted to pH 7.2 by
using CsOH. Stimulus-evoked EPSCs were obtained by placing a
borosilicate pipette (5-10 pum) near the ventral nerve cord (one
muscle distance from the recording pipette) and applying a 0.4-
ms, 85-pA square pulse. Sucrose-evoked release was triggered
by a 5-s application of 0.5 M sucrose dissolved in normal bath
solution. The pipette containing hypertonic sucrose was placed
at the end of the patched muscle cell. A single wavelength LED
(470 nm; Thorlabs) was used to provide optogenetic stimulation.
The intensity was adjusted to the maximal level. All recordings
were performed at RT (22°C).

EM

Samples were prepared by using high-pressure freeze fixation
(Weimer et al., 2006). ~30 young adult hermaphrodites were
placed in each specimen chamber containing E. coli and were
frozen at -180°C under high pressure (Leica SPF HPM 100).
Frozen specimens then underwent freeze substitution (Leica
Reichert AFS) during which the samples were held at -90°C for
107 hin 0.1% tannic acid and 2% OsO, in anhydrous acetone. The
temperature was then increased at 5°C/h to -20°C, kept at -20°C
for 14 h, and increased by 10°C/h to 20°C. After fixation, samples
were infiltrated with 50% Epon/acetone for 4 h, 90% Epon/ac-
etone for 18 h, and 100% Epon for 5 h Finally, samples were
embedded in Epon and incubated for 48 h at 65°C. Ultrathin (40
nm) serial sections were cut by using a Leica Ultracut 6 and
collected on formvar-covered, carbon-coated copper grids
(FCF2010-Cu; EMS). Poststaining was performed by using 2.5%
aqueous uranyl acetate for 4 min, followed by Reynolds lead
citrate for 2 min. Images were acquired by using a JEOL JEM-
1220 transmission EM operating at 80 kV with a Gatan digital
camera at a magnification of 100k. Images were collected from
the ventral nerve cord region anterior to the vulva for all gen-
otypes. Cholinergic synapses were identified on the basis of their
typical morphology (White et al., 1986). A synapse was defined
as a series of sections (profiles) containing a dense projection
and two flanking sections on both sides without dense projec-
tions. A docked SV was defined as an SV whose membrane was
morphologically contacting the plasma membrane (distance to
plasma membrane = 0 nm). Image acquisition and analysis with
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National Institutes of Health Image]/Fiji software were per-
formed blinded for genotype.

Data acquisition and statistical analysis

All electrophysiological data were obtained by using a HEKA
EPC10 double amplifier (HEKA Elektronik) filtered at 2 kHz and
analyzed with open-source scripts developed by Eugene Mosh-
arov in Igor Pro 7 (Wavemetrics). All imaging data were ana-
lyzed in Image] software. Each set of data represents the mean +
SEM of an indicated number of animals. To analyze mEPSCs and
mIPSCs, a 4-pA peak threshold was preset, above which release
events are clearly distinguished from background noise. The
analyzed results were rechecked by eye to ensure that the re-
lease events were accurately selected.

Statistical analysis

All data were statistically analyzed in Prism 8 software. Nor-
mality distribution of the data was determined by the D’Agostino-
Pearson normality test. When the data followed a normal
distribution, an unpaired Student’s t test (two tailed) or one-
way ANOVA was used to evaluate the statistical significance.
In other cases, a Mann-Whitney test or one-way ANOVA fol-
lowing Kruskal-Wallis test was used. A summary of all elec-
trophysiological data is provided in Table S1, with the results
presented as mean + SEM.

Data availability
Data generated or analyzed during this study are included in this
published article or available upon request.

Online supplemental material

Fig. S1 shows the domain structure of all Syt isoforms in C. ele-
gans. Fig. S2 shows the quantification of body length in WT, snt-1,
snt-3, and snt-Isnt-3 mutants. Fig. S3 shows the averaged decay
of mEPSCs in WT, snt-1, snt-3, snt-I;snt-3, and SNT-3 neuronal
rescue animals. Fig. S4 shows the cumulative probability of
mEPSCs in WT, snt-1, snt-I;snt-3, and SNT-3 neuronal rescue
animals. Fig. S5 shows the quantification of ACh-activated cur-
rent in WT and snt-3 mutants. Fig. S6 shows the docked SV
distribution and the mEPSC event distribution in WT, snt-1, snt-3,
and snt-Lsnt-3 mutants. Fig. S7 shows the cumulative proba-
bility of mEPSCs in snt-Isnt-3, SNT-3 neuronal rescue, SNT-
3C2A D3,4N payronal rescue, and SNT-3¢2B D3.4N pneyyronal rescue
animals. Fig. S8 shows the colocalization of UNC-10 with the
C2A or C2B domain of SNT-1. Fig. S9 shows the quantification
of body length in WT, snt-1 mutants, SNT-1™, and SNT-12N
rescue animals. Fig. S10 shows the averaged decay of mEPSCs
in WT, snt-1 mutants, SNT-1FL, SNT-12™ and SNT-12N rescue
animals. Fig. S11 shows the phylogenetic analysis of Syt iso-
forms in C. elegans. Table S1 summarizes the electrophysiolog-
ical data in this study.
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Figure S1. Domain structure of the seven Syt genes in C. elegans. The TM domain and the C2 domains (C2A and C2B) in each Syt isoform are indicated.
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Figure S2. The loss of both SNT-1 and SNT-3 leads to dramatically shorter body length. (A) Representative worm images from indicated genotypes,
including WT, snt-1, snt-3(tm5776), snt-3(ky1034), snt-1;snt-3(tm5776), and snt-Isnt-3(ky1034). Scale bar, 400 um. (B) Quantification of body length. Body length
was measured by using WormLab software. Data are mean + SEM. ***P < 0.001 compared with WT. n.s., nonsignificant compared with WT (one-way ANOVA).
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Figure S3. The loss of snt-1 or snt-3 does not alter mEPSC decay. (A) Representative mEPSC traces from the indicated genotypes. (B) Quantification of
mEPSC decay from the same genotypes in A. Data are mean + SEM.
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Figure S4. SNT-1 and SNT-3 alter mEPSC amplitude. Cumulative probability distributions of mEPSC amplitude from the indicated genotypes and trans-
genes, including WT, snt-1, snt-1;snt-3(tm5776), snt—l;snt—3(ky1034), and SNT-3 overexpression rescue.
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Figure S5. Body wall muscles respond normally to ACh in snt-3 mutants. (A) Example traces of puff ACh-activated currents in WT and snt-3 mutants.
(B) Quantification of current amplitude in A. Data are mean + SEM.
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Figure S6. Differential roles of SNT-1and SNT-3 in docking and vesicle size. (A) Distribution of docked vesicles as a measure of distance from the DP (nm)
in 30-nm bins. Vesicles docked within 90 nm of the DP are considered proximal, vesicles docked 91-300 nm from the DP are considered distal, and vesicles
docked from 301-510 nm from the DP are considered to be docked within the endocytic zone. (B) Frequency distribution of SV diameters. snt-1 mutants show
a right shift in the frequency of SV diameter. snt-3 mutants show a left shift in the frequency of SV diameters, which is further shifted in the snt-I;snt-3 double
mutants. (C) mEPSC amplitude histograms from indicated genotypes. (D) Frequency distribution of irregular vesicle (IV) diameters. snt-1 mutants show a right
shift in the frequency of irregular vesicle diameter, whereas snt-I;snt-3 double mutants show a right shift in the diameter distribution of irregular vesicle
diameter.
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of mEPSC amplitude from the indicated genotypes and transgenes, including WT, snt-1, snt-I;snt-3(tm5776), snt-1;snt-3(ky1034), and SNT-3 overexpression
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Figure S8. The individual C2A and C2B domains of SNT-1 are localized at active zones. The mApple-tagged C2A or C2B domain of SNT-1 are expressed in
the D-type cholinergic motor neurons (under the unc-129 promoter). They both exhibit well colocalization with the active zone marker UNC-10::GFP. (Upper)
Representative images of UNC-10::GFP, C2A:mApple, and C2B::mApple. (Bottom) Line scans along the dorsal nerve cord. Scale bar, 5 um.
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Figure S9. Cytoplasmic SNT-1 significantly rescued body length in snt-1 mutants. (Left) Representative worm images from indicated genotypes, including

WT, snt-1, and SNT-12™ and SNT-12N rescue worms. Scale bar, 500 pm. (Right) Quantification of body length. Body length was measured by using WormLab
software. Data are mean + SEM. ***P < 0.001 compared with WT; ###P < 0.001 compared with snt-I mutants (one-way ANOVA).
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Figure S10. Deleting the TM domain or the whole N terminus in SNT-1 does not alter the mEPSC decay. (A) Representative mEPSC traces from the

indicated genotypes and transgenes. (B and C) Quantification of mEPSC decay and charge from the same genotypes in A. Data are mean + SEM. ***P < 0.001
compared with WT. n.s., nonsignificant (one-way ANOVA).
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Figure S11. Phylogenetic tree of worm and mouse Syts. Sequences were aligned by using clustal omega with default parameters, and the phylogenetic tree
was created with MEGA-X (Molecular Evolutionary Genetics Analysis).

Table S1 is provided online and summarizes the electrophysiological data in this study.
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