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SUMMARY

Chemical synaptic transmission is the mechanism by which animals transfer
information between neurons and their targets, to process and integrate sensory
inputs and produce appropriate behavioral responses. The rapid release of
neurotransmitter-filled synaptic vesicles underlying this process absolutely
requires the assembly of SNARE (soluble N-ethylmaleimide-sensitive factor
attachment receptor) complexes, which represent the core fusion machinery.
Consequently, proteins that regulate SNARE complex formation can profoundly alter
the strength of synaptic connections. This thesis will focus on three synaptic
proteins that interact with the SNARE complex, and explores their function.
Specifically, the results presented establish that full-length tomosyn is required for
its inhibitory function in C. elegans, that Snapin stabilizes the SNARE complex to
promote fusion, and that VPS-39 alters Syntaxin conformation to enable fusogenic

SNARE complex assembly.
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I. INTRODUCTION

1.1 The synaptic vesicle cycle

In order to sustain synaptic transmission vesicles have to be locally recycled,
refilled, and prepared for subsequent rounds of release as depicted in Figure 1.
Neurotransmitters, synthesized within the presynapitc terminal, are loaded into
vesicles via integral neurotransmitter transporters. The acidification of the vesicle
lumen by proton pumps provides the driving force for vesicle refilling. Loaded
synaptic vesicles are then translocated to active zones where they become docked
and primed for release. Fusion competent vesicles subsequently undergo exocytosis
in response to a calcium trigger, releasing their contents into the synaptic cleft.
After fusion, the vesicle membranes are retrieved via endocytosis so that they can
be refilled for another round of exocytosis. This precisely regulated cycle is
dependent upon the highly orchestrated activity of numerous synaptically enriched
proteins, which regulate the basic fusion machinery described in the following

sections.

1.2  The fusion machinery: SNAREs

Synaptic vesicle fusion is critically dependent upon the formation of SNARE
(soluble N-ethylmaleimide-sensitive factor attachment receptor) complexes. This
complex has been extensively studied and is comprised of three proteins:
synaptobrevin (also known as vesicle-associated protein [VAMP]), syntaxin, and
SNAP-25, which are each members of an evolutionally conserved protein family

implicated in membrane fusion events. Synaptobrevin was purified from synaptic



vesicles (Trimble et al., 1988) and syntaxin and SNAP-25 (synaptosome-associated
protein of 25 kDa) were found to be localized on the neuronal plasma membrane
(Oyler et al., 1989; Bennett et al.,, 1992). Synaptobrevin is often referred to as the v-
SNARE because of its vesicle association, while SNAP-25 and syntaxin are referred

to as t-SNARE:s since they are located on the target membrane.

The SNARE proteins contain conserved 60-70 amino acid SNARE motifs
(Fasshauer et al., 1998). These motifs come together to form a four alpha-helical
parallel bundle known as the core complex (Sutton et al., 1998a). All three SNAREs
are anchored to membranes: both synaptobrevin and syntaxin have a
transmembrane domain, while SNAP-25 is anchored by the palmitoylation of
cysteines located in the linker region between its two SNARE motifs. Since
synaptobrevin is on synaptic vesicles and the t- SNAREs (syntaxin and SNAP-25) are
on the plasma membrane, when the four-helical bundle assembles to form the trans
SNARE compleg, this brings the vesicle into close apposition with the plasma
membrane. Upon calcium influx and fusion, the core complex is incorporated into
the plasma membrane and referred to as a cis SNARE complex. In order for the
SNARE proteins to be recycled, they must first be dissembled by NEM-sensitive

factor (NSF) prior to sorting to their respective membranes during endocytosis.
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Figure 1: The synaptic vesicle cycle. Vesicles are filled with neurotransmitter
and are then translocated to release sites near calcium entry where they become
fusion competent. Upon calcium influx, they fuse and release their contents into the
synaptic cleft. After fusion they are coated with clathrin and undergo endocytosis
and the cycle can begin again.



1.3 SNARE complex assembly

Membrane fusion is a highly energetic event due to the repulsive forces of the
two phospholipid bilayers. Therefore, it is necessary to overcome this energy
barrier in order for bilayer mixing to occur. There are many reasons to believe that
SNARE:s play an important role in this process. The SNARE complex is very stable,
and can only be disassociated by boiling in the presence of sodium dodecyl sulfate
(SDS) (Fasshauer et al., 2002). The temporal sequence of events leading to full
SNARE complex assembly is unresolved, but evidence suggests that initially the t-
SNARE motifs interact to form a SNAP-25/syntaxin dimer that acts as a docking
platform for vesicle interactions. At this stage, non-fusogenic dead-end SNARE
complexes composed of one SNAP-25 and two syntaxin molecules can also form
(Fasshauer and Margittai, 2004; Pobbati et al., 2006). In order for vesicles to
become primed and fusion competent, the t-SNARE dimer must partner with the v-
SNARE, synaptobrevin. The SNARE complex assembles in a parallel orientation

»nm

starting at the N- terminals of the SNARE motif, “zippering’ towards the C-terminal
transmembrane anchors of synaptobrevin and syntaxin (Hanson et al., 1997; Poirier
et al.,, 1998). Evidence suggests that SNARE complexes form in two sequential
stages, and can arrest in a semi-zippered state, in which only the N-terminal half of
each SNARE is zippered. This is based on mutational analyses in which C terminal
mutations lead to a partially unfolded configuration in which the N terminal regions

of the SNARE motifs remain zippered but vesicles are in a non-fusion competent

state (Sorensen et al,, 2006). Consistent with this model clostridial toxin and



SNARE antibody disruption experiments indicate that the N-terminus of SNAREs are
protected from cleavage at early stages, but the C-terminus is only protected at late
stages of SNARE complex formation (Hayashi et al., 1994; Xu et al., 1999). This has
given rise to the hypothesis that N terminal zippering occurs first and independently
of the C terminal motif creating a meta-stable complex that subsequently fully

zippers to trigger fusion in response to calcium.

1.4 Membrane Fusion

In order for vesicle fusion to proceed, a series of transitional steps are
thought to occur; starting with the formation of a stalk bridging the vesicle and
plasma membranes which has an hourglass appearance in x-ray scattering images
(Yang and Huang, 2002). This stalk is comprised of a few dozen lipid molecules that
eventually expand into a hemi-fused state where the outer membrane leaflet of the
vesicle has merged with the inner leaflet of the plasma membrane. Hemi-fused
vesicles have been observed at central synapses by conical electron tomography
(Zampighi et al., 2006). Following hemifusion, further membrane mixing allows a
fusion pore to develop through which neurotransmitter can exit the vesicle lumen.
Alternative models suggest that the transmembrane domain of the SNARE
complexes may generate a proteinaceous fusion pore in the absence of membrane
mixing. While there is much debate, its likely that more than one SNARE complex is
required for vesicle fusion. The minimal number of SNARE complexes required to

overcome the energy barrier for exocytosis varies from as few as 2 to 15 and
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Figure 2. SNARE complex formation and association with Synaptotagmin. The
series on the left depicts the SNARE complex components at various stages of
assembly. The schematic on the right shows the ribbon structure of the SNAREs as
well as Synaptotagmin. Adapted from (Koh and Bellen, 2003; Chapman, 2008).



appears to depend on vesicle type and experimental conditions (van den Bogaart
and Jahn, 2011). There is also some evidence that SNARE complexes may form
multimers which could act together to induce fusion (Montecucco et al., 2005). Such

multimers have been observed at the EM level to form star-shaped structures

(Rickman et al., 2005).

1.5 SNAREs and calcium sensing

Calcium influx through voltage-gated calcium channels triggers synaptic
vesicle exocytosis, and is sensed by Synaptotagmin, a protein which was identified
as a 65 kDa protein that associates with both synaptic vesicles and large dense core
vesicles (Matthew et al,, 1981). Synaptotagmin contains a transmembrane domain,
and a large cytoplasmic domain comprised of two C2 domains (C2A and C2B) which
bind calcium ions (Perin et al.,, 1991). In neurons, the main calcium sensor appears
to be synaptotagmin-1, but many other isoforms have been identified (Craxton,
2007). In addition to calcium sensing, Synaptotagmin directly interacts with the

SNARE complex, and likely facilitates membrane fusion.

Initial studies established binding between Synaptotagmin and syntaxin as
well as assembled SNARE complexes in the absence of calcium using brain detergent
extracts (Bennett et al., 1992; Sollner et al., 1993a). Subsequently, it was found that
calcium binding to the Synaptotagmin C2 domains enhanced its binding affinity with
Syntaxin, SNAP-25, assembled t-SNARE heterodimers, and fully assembled SNARE

complexes using purified recombinant proteins (Chapman et al., 1995; Bai et al,,



2004b; Tang et al.,, 2006). These data suggest that Synaptotagmin can interact with
the t-SNARE:s at all stages of SNARE complex assembly while never binding directly
to the v-SNARE Synaptobrevin (Bai et al., 2004b). The enhanced interaction
between Synaptotagmin and the SNARE complex in the presence of calcium may

induce full zippering, favoring vesicle fusion.

The C2 domains (C2A and C2B) of Synaptotagmin also interact with the
anionic phospholipid, phosphatidylserine (PS) to penetrate membranes and aid in
membrane fusion (Bai et al.,, 2004a; Herrick et al.,, 2006). The PS binding activity of
C2B is enhanced when C2A is adjacent which suggests that C2A and C2B cooperate
to bind membranes (Hui et al,, 2006). The C2 domains of Synaptotagmin partially
penetrate the plasma membrane resulting in a bulge at the site of vesicle contact,
this induced membrane curvature lowering the energy barrier for membrane fusion

to proceed (Chernomordik and Kozlov, 2003).

Given the essential role that the SNARE complex and the calcium sensor play
in exocytosis; proteins that regulate this core exocytic machinery can have a critical
impact on the level of synaptic transmission. The roles of three proteins that have
been implicated in the regulation of the core machinery are examined in the

following chapters.



I1. In vivo analysis of conserved C. elegans tomosyn domains
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2.1 Abstract

Neurosecretion is critically dependent on the assembly of a macromolecular
complex between the SNARE proteins syntaxin, SNAP-25 and synaptobrevin.
Evidence indicates that the binding of tomosyn to syntaxin and SNAP-25 interferes
with this assembly, thereby negatively regulating both synaptic transmission and
peptide release. Tomosyn has two conserved domains: an N-terminal encompassing
multiple WD40 repeats predicted to form two 3-propeller structures and a C-
terminal SNARE-binding motif. To assess the function of each domain, we
performed an in vivo analysis of the N- and C- terminal domains of C. elegans
tomosyn (TOM-1) in a tom-1 mutant background. We verified that both truncated
TOM-1 constructs were transcribed at levels comparable to rescuing full-length
TOM-1, were of the predicted size, and localized to synapses. Unlike full-length

TOM-1, expression of the N- or C-terminal domains alone was unable to restore



inhibitory control of synaptic transmission in tom-1 mutants. Similarly, co-
expression of both domains failed to restore TOM-1 function. In addition, neither the
N- nor C-terminal domain inhibited release when expressed in a wild-type
background. Based on these results, we conclude that the ability of tomosyn to
regulate neurotransmitter release in vivo depends on the physical integrity of the
protein, indicating that both N- and C-terminal domains are necessary but not

sufficient for effective inhibition of release in vivo.

2.2  Introduction

Tomosyn was initially isolated from rat cerebral cytosol in a syntaxin pull-
down assay(Fujita et al., 1998). It was subsequently shown to form a novel SNARE
complex with syntaxin and SNAP-25 displacing synaptobrevin (Hatsuzawa et al.,
2003). Based on these observations, inhibition by tomosyn is thought to involve
assembly of non-fusogenic tomosyn SNARE complexes at the expense of fusogenic
SNARE complexes. Several mechanisms modulate the interaction between tomosyn
and the SNARE complex. Rho-associated serine/threonine kinase (ROCK)
stimulates the formation of tomosyn SNARE complexes (Sakisaka et al., 2004).
Further activation of ROCK can enhance the inhibitory function of tomosyn, this
inhibition requires the SNARE domain of tomosyn (Gladycheva et al., 2007).
Tomosyn can also be phosphorylated by protein kinase A within the hypervariable
linker region, which reduces the tomosyn/syntaxin interaction (Baba et al., 2005).
Another SNARE-interacting protein, (M)UNC-13 might have an antagonistic role to
tomosyn. Both UNC-13 and tomosyn interact with syntaxin, but have different

effects. UNC-13 promotes docking as genetic deletion mutants in C. elegans show a
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significant reduction of docked synaptic vesicles, which can be rescued by
expressing an open form of syntaxin (Richmond et al., 1999a; Richmond et al., 2001;
Hammarlund et al., 2007). Additionally, unc-13 mutants can be rescued by crossing
into a tom-1 mutant background (Gracheva et al., 2007). There is also evidence that
tomosyn and synaptotagmin interact, and this interaction could potentially regulate
fusogenic SNARE complex formation (Fujita et al., 1998).

Overexpression of tomosyn in PC12 cells (Hatsuzawa et al., 2003),
chromaffin cells (Yizhar et al., 2004) and neurons (Gracheva et al., 2006) was shown
to down-regulate exocytosis indicative of an inhibitory function for this protein.
Consistent with this interpretation, the first characterization of tomosyn (tom-1)
mutants, performed in C. elegans demonstrated abnormally enhanced levels of
neurotransmitter release in the absence of TOM-1 (Gracheva et al., 2006; McEwen et
al.,, 2006). This exuberant release was shown to be associated with an increase in
the readily releasable vesicle pool, supporting the notion that tomosyn down
regulates release by interfering with the priming process. A similar phenotype has
subsequently been documented in mouse tomosyn knock-outs (Sakisaka et al.,
2008).

Current evidence suggests that the inhibitory function of tomosyn may
involve multiple domains (Yizhar et al., 2007; Sakisaka et al., 2008). The highly
conserved C-terminal SNARE domain which resembles the coiled-coil motif of
synaptobrevin, is a high-affinity binding site for syntaxin (Ashery et al., 2009)
capable of assembling into a tomosyn SNARE complex along with SNAP-25 (Pobbati

et al.,, 2004). However, expression of the tomosyn C-terminal alone does not inhibit

11



release from chromaffin cells (Yizhar et al.,, 2007). The N terminal region of
tomosyn is also highly conserved and contains WD40 repeats comprised of about 40
amino acids beginning with glycine-histidine and ending with tryptophan-aspartic
acid. Interestingly, over-expression of this domain potently inhibits release in
cultured cells (Yizhar et al., 2007; Sakisaka et al., 2008). The crystal structure of
yeast Sro-7 reveals that the WD40 repeats fold into two seven-bladed f3-propeller
protein interacting domains (Hattendorf et al., 2007). In mouse, the WD40 domains
have been shown to interact with both syntaxin and SNAP-25, promoting non-
fusogenic SNARE complex oligomers that may contribute to the inhibition of
synaptic transmission (Sakisaka et al., 2008). Furthermore, recent experiments
indicate that the N terminal WD40 repeats exhibit intramolecular interactions that
may regulate the availability of the C terminal SNARE domain at exocytic sites
(Hattendorf et al., 2007; Yamamoto et al.,, 2009). In summary, both N and C terminal
domains of tomosyn appear to be involved in its inhibitory function.

However, while full-length tomosyn inhibits secretion in all cell types
examined, expression of the C-terminal SNARE domain alone has produced variable
results. For example, expression of the SNARE domain in chromaffin cells had no
effect on the primed vesicle pool, and actually enhanced sustained release (Yizhar et
al,, 2007), whereas in cultured neurons and semi-intact PC12 cells, this domain
produced partial inhibition (Hatsuzawa et al., 2003; Sakisaka et al., 2008). These
data suggest that additional tomosyn domains may contribute to its inhibitory
function. Consistent with this notion, tomosyn lacking a SNARE motif promotes

SNARE complex oligomerization in vitro and inhibits secretion from chromaffin cells
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and superior cervical ganglion (SCG) neurons (Yizhar et al., 2007; Sakisaka et al.,
2008; Yamamoto et al., 2009). Similarly, tomosyn with mutations in the SNARE
domain that impair syntaxin binding, retains inhibitory function in PC12 secretion
assays (Constable et al., 2005). Brain extracts from mouse tomosyn mutants exhibit
reduced levels of SNARE complex oligomers. Together, these observations suggest
the tomosyn N terminus contributes to the regulation of secretion, possibly by
limiting the availability of monomeric SNARE proteins. The tomosyn N terminus
has also been shown to bind and inhibit synaptotagmin (Yamamoto et al., 2010).
Thus, the current literature implicates both tomosyn domains in the regulation of
secretion via several distinct molecular mechanisms. However, these roles have
only been assayed in cellulo, and their interpretation is compounded by the
presence of endogenous tomosyn. Here, we analyzed the independent and
combined functionality of tomosyn N- and C-terminal domains at the C. elegans NM]

in a tomosyn mutant background.

2.3  Materials and Methods

Genetics

Nematode strains were maintained at 20-25°C on standard NGM media plates
seeded with OP50 bacteria. The wild type used was Bristol N2 and the tom-1 mutant
KP3293, tom-1(nu468). TOM-1 constructs were SY1229, tom-
1(nu468);jals1078[Puncl7:tom-1A(+);Pmyo-2:GFP); SY1242, tom-
1(nu468);jals1052[Puncl7:tom-1A(+);Pmyo-2:GFP]; SY1230, tom-
1(nu468);jals1079[Puncl7:tom-1A SNARE;Pttx:RFP]; SY1231, tom-1(nu468);

Jjals1080[Punc17:tom-1A ASNARE;Pttx:RFP]; SY1513, tom-

13



1(nu468);jal1098[Puncl7;tom-1A TOM1A(1-989);Pttx:RFP]; SY1232, tom-
1(nu468);jals1081[Puncl7:tom-1A SNARE:FLAG;pmyo-3:GFP]; SY1233, tom-
1(nu468);jals1082 [Punc17: tom-1A ASNARE:FLAG;pttx-3:GFP]; SY1234, N2;jals1079;
SY1235, N2;jals1080; SY1237, N2;jals1052; SY1239, tom-
1(nu468);jals1079;jals1080; SY1240, N2;jals1079;jals1080.

Crosses were performed using standard genetics techniques, and the presence of
the tom-1(nu468) mutation was confirmed by sequencing.

Tomosyn constructs and transgenes

1) Full-length tom-1A

Full-length tom-1A cDNA was amplified from jals1052 strain (Gracheva et al., 2006)
using the primers GTAGCATGCGCTGGGGTATTGCAAAAAGAG and
GTCGCATGCCTAGAAGTTGTACCACTTC and TOPO-cloned, creating pAB29. pUNC-
17::TOM-1A from pAB29 was cloned into pAB30 using Sphl restriction sites and the
resulting plasmid was named pAB32.

2) TOM-1A SNARE

The tom-1A SNARE domain (aa 1059-1124) was amplified from pAB29 using
primers GCGGATCCATGCAAATGGATAGAGCACAAGC and
CGTGGCCACTAGAAGTTGTACCACTTC and TOPO-cloned, creating pAB37. The tom-
1A SNARE domain was then subcloned into pAB36 containing pUNC-17 using
BamHI/Mscl restriction sites, creating pAB40.

3) TOM-1A ASNARE

The tom-1A ASNARE domain (aa 1-1045 ) includes the WD40 repeats and the

downstream 57 amino acid linker, based on conserved sequence alignments
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(Hattendorf et al.,, 2007) amplified from pAB29 using primers
AGAGTCATCCCTCAGAACAG and
GTCTAGGATCCATGCATCGGATTCACTCCAGAACTATTC, TOPO-cloned creating
pAB47.tom-1A ASNARE was subcloned into pAB36 containing pUNC-17 using BamH
restriction sites, creating pAB48.

4) TOM-1A (1-989) lacking the linker and SNARE domain

TOM-1A(1-989) was amplified from pAB29 using primers
AGAGTCATCCCTCAGAACAG and
TATGCGGCCGCTGACTCGCCTGTTTGCTCGGCAATTTC and topo-cloned, creating
pAB46. The tom-1A Alinker was subcloned into pAB36 containing pUNC17 using
BamHI/Notl restriction sites, creating pAB49.

5) TOM-1A SNARE:FLAG

The Nsil restriction site (underlined) was introduced by site-directed mutagenesis
using primers GTGGTACAACTTCATGCATTAGTGGCCAAAGGAC and
GTCCTTTGGCCACTAATGCATGAAGTTGTACCAC using pAB40 as a template,
creating pAB43. The FLAG oligos with Nsil sticky ends and 5°-phosphorylated were
made as separate oligonucleotides,
PTGATTACAAGGATGACGACGATAAGCTTATGCA and
TAAGCTTATCGTCGTCATCCTTGTAATCATGCA, annealed and ligated into the Nsil

site of pAB43, creating pAB50.

6) TOM-1A ASNARE:FLAG
The Nsil restriction site was included in the primer

GTCTAGGATCCATGCATCGGATTCACTCCAGAACTATTC to bypass the site-directed
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mutagenesis step. Annealed FLAG oligonucleotides were ligated into pAB48 Nsil
restriction site, creating pAB58.

Real-time PCR

Quantitative real-time PCR was performed as described previously (Gracheva et al.,
2006). Briefly, C. elegans total RNA was isolated using a Trizol reagent as described
by the manufacturer (Invitrogen, Carlsbad, California, United States). mRNA was
reverse transcribed using the SuperScript III First Strand Synthesis Kit with oligo-dT
primers (Invitrogen Carlsbad, California, United States). Real-time PCR was
preformed using the following target specific primers: for tom-1A N-terminal
(Forward-TCATCGTACGGTATCATTGC and Reverse- AGCTTCCAGACTGATTGGAG)
which targeted exon 12, for the SNARE domain (Forward-
GCCATGGCTTTACAGAACTT and Reverse- TCTCGAGGATAAACTCATTGC) which
targeted exon22/23, and for act-1 (Forward-GCTGGACGTGATCTTACTGATTACC and
Reverse-GTAGCAGAGCTTCTCCTTGATGTC). SYBR green (Biorad) was used for
amplicon detection and quantitation using the MJ Research Opticon2 real-time
thermocycler (Bio-Rad, Hercules, California, United States). Relative mRNA levels
were quantified using the method detailed by (Horz et al., 2004). Actin was used as a
reference for calibration (Zheng et al.,, 2011). The levels for both tom-1 and the
SNARE domain are reported as the fold difference relative to the calibrator, tom-1

(nu468).

Biochemistry

1) Liquid Culture
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L1 stage worms were harvested from 6 freshly-starved 100 mm agarose plates and
added, along with concentrated HB101 bacteria, to 500 ml S medium supplemented
with 5 ml 10,000 U/ml penicillin (Cellgro), 10 mg/ml streptomycin (Cellgro) and
10,000 U/ml nystatin (Sigma) in a 2.8 L fernbach flask. After 3 days of growth at
20°C, adult worms were harvested through a 35 uM nitex filter. Worms left in the
filter were washed once with M9, 1X lysis buffer (50 mM HEPES pH 7.4, 1 mM EGTA,
1 mM MgClz, 100 mM KCl, 10% glycerol, 0.05% NP-40) and 1X lysis buffer
containing a complete Mini, EDTA-free protease inhibitor cocktail tablet (Roche; 1
tablet/12 mls). Worms were spun down at 800 g for 2 minutes between washes. A
1:1 mix of worms:lysis buffer was slowly pipetted into liquid nitrogen then ground

to a fine powder in a mortal and pestle.

2) Extract Preparation

Thawed ground worm powder was sonicated using a Branson sonication tip for 3
minutes (15 seconds on, 45 seconds off) at 30% amplitude and for 30 seconds at
40% amplitude. Samples were cooled in an ice bath for 2 minutes in between each
minute of sonication. Sonicated samples were centrifuged in a Sorvall Ultra80
centrifuge, using a TH-641 rotor, for 11.5K RPM for 10 minutes, and then the
supernatant was centrifuged at 29K RPM for 20 minutes. The supernatant was

frozen in liquid nitrogen in 1 ml aliquots and stored at -80°C.

3) Immunoprecipitation

100 ul of FLAG antibody-conjugated agarose beads (Sigma F2426) were washed

twice with 1 ml PBST, once with 1 ml PBS, twice with 1 ml 0.1 M glycine and twice
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with 1 ml ice cold lysis buffer with 0.1 mM DTT. Beads were centrifuged at 4°C at
4K RPM for 2 minutes between washes. Beads were rotated for 2 hours at 4°C with
1ml of clarified extract. Beads were briefly rinsed twice then washed three times, by
rotating for 5 minutes at 4°C, with 1 ml 0.1 mM DTT lysis buffer. Beads were
incubated with 9ul of 600 ug/ml FLAG peptide at 4°C for 1 hour in Protein LoBind
tubes (Epindorf). Supernatant was transferred to fresh tubes and mixed with equal

volume 2X Laemmli SB and stored at -20°C.

4) Western blotting

Samples were analyzed by 12% SDS-PAGE (0.1% SDS). The nitrocellulose
membrane was blocked at RT in 5% milk/TBST for 1 hour then incubated with HRP-
conjugated 1° anti-FLAG antibody (Sigma A8592) at a 1:500 dilution in TBST
overnight at 4°C. Membrane was washed four times for 10 minutes with TBST
shaking at RT then incubated with 2 ml HRP substrate (Amersham) for 5 minutes

prior to exposure to film.

Immunohistochemistry

Immunohistochemistry was performed on dissected split-open worms, as
previously described (Richmond et al., 1999a) after fixation with 4%
paraformaldehyde in PBS for 30 minutes. Preps were then washed 3x with TBST for
10 minutes, before blocking with 5% BSA for 1 hour. Mouse antibodies against FLAG
(Sigma) were used at a final dilution of 1:100 in PBS and 0.5% Triton X-100 with 5%

BSA overnight. Anti-mouse tetramethylrhodamine isothiocyanate-conjugated
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secondary antibody (Jackson ImmunoResearch, West Grove, PA) was used at a
1:500 dilution for 1 hour. Images were obtained with a 60x objective on an Olympus

Optical FV- 500 laser-scanning confocal microscope.

Electrophysiology

Electrophysiological methods were as previously described (Richmond et al,,
1999a) with the following modifications: Ventral body wall muscle cells were
recorded in the whole-cell voltage-clamp mode (holding potential -60 mV) using an
EPC-10 patch-clamp amplifier and digitized at 1 kHz. The extracellular solution
consisted of (in mM): NaCl 150; KCI 5; CaClz 5; MgCl; 4, glucose 10; sucrose 5; HEPES
15 (pH 7.4, ~340mOsm). The patch pipette was filled with (in mM): KC]1 120; KOH
20; MgCl; 4; (N-tris[Hydroxymethyl] methyl-2-aminoethane-sulfonic acid) 5; CaCl
0.25; Na2ATP 4; sucrose 36; EGTA 5 (pH 7.2, ~315mOsm). Evoked responses were
stimulated with a 2ms depolarizing pulse delivered via a pipette placed on the
anterior ventral nerve cord. Data were acquired using Pulse software (HEKA,
Southboro, Massachusetts, US) and subsequently analyzed and graphed using
Pulsefit (HEKA), Mini Analysis (Synaptosoft Inc., Decatur, Georgia, US) and Igor Pro

(Wavemetrics, Lake Oswego, Oregon, US).

2.4 Results

The relationship between TOM-1A expression levels and inhibitory synaptic
function
C. elegans tom-1 mutants exhibit an enhanced NM] evoked response duration,

resulting in an increased charge integral that reflects increased priming (Gracheva
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et al.,, 2006). Re-introduction of full-length TOM-1A in cholinergic motor neurons
reverses the tom-1 mutant phenotype, producing inhibition of transmission relative
to the wild type (Gracheva et al., 2006; McEwen et al.,, 2006). This inhibitory effect
was due to over-expression of TOM-1, a consequence of the standard method used
to create transgenic lines in C. elegans, which frequently results in the formation of a
multicopy DNA array with high expression levels. Therefore, to compare transgenic
lines expressing different TOM-1A domain constructs, we first assessed the
relationship between TOM-1A expression levels and the synaptic response at the
NM]. TOM-1A mRNA levels were quantified by real-time PCR (qRT-PCR),
normalized to tom-1 (nu468) and plotted against evoked charge integrals (Figure 1).
As expected, a ~6 fold increase in TOM-1A mRNA levels greatly reduced the charge
integral (72%) relative to tom-1(nu468). A further increase in TOM-1A mRNA levels
to ~11 fold produced a similar reduction of the evoked response (80%), suggesting
that the extent of inhibition was maximal within this range of over-expression (>6

fold).
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Figure 1. Inverse-relationship between predicted full-length TOM-1A
expression levels and synaptic function. A. Representative evoked post-synaptic
responses from the NM] of tom-1(nu468), wild type and two TOM-1A integrated
lines, SY1229 and SY1242, expressed in the tom-1(nu468) mutant background
respectively. B. Average charge integral for evoked responses of tom-1(nu468)
(n=20), wild type (n=73) and tom-1(nu468) over-expressing TOM-1A integrated
lines SY1242 (~6 fold mRNA levels) (n=7) and SY1229 (~12 fold mRNA levels)
(n=7) plotted against predicted TOM-1A expression levels based on quantitative
real-time RT-PCR (qRT-PCR) normalized to C. elegans actin (act-1) transcript levels.
Data plotted as mean = SEM (significance values relative to tom-1(nu468), * % * p<
0.0001, Mann Whitney T-test). Representative evoked NM] traces are displayed
above each strain.
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Neither TOM-1A SNARE nor ASNARE are sufficient for TOM-1A synaptic function
To assess the ability of the SNARE and ASNARE domains to rescue the tom-1
mutant phenotype, we created integrated transgenic lines of either SNARE or
ASNARE truncated TOM-1A constructs in the tom-1(nu468) mutant background,
expressed under the cholinergic motor neuron promoter, Punc-17 (Figure 2A). By
gRT-PCR, TOM-1A SNARE was expressed 23 -fold higher than tom-1 (nu468), and
TOM-1A ASNARE at ~17 fold. For full-length TOM-1A, these mRNA levels would be

expected to produce maximal synaptic inhibition (Table 1).

Table I. AACt-values for TOM-1A transgenic lines. Transgene mRNA levels were
determined by qRT-PCR using primers specific for TOM-1A N-terminal (starting at
bp1840) and the SNARE domain in the tom-1(nu468) mutant background. AAC(t)
values were normalized to tom-1(nu468) using act-1 transcript levels as a calibrator.

Strain Transgenic Line AAC(t)-values  AAC(t)-values
for TOM-1A for SNARE
primers primers

sy1230 tom-1;p17:SNARE 0.72 22.6

sy1232 tom-1;p17:SNARE-FLAG 0.58 98

sy1231 tom-1; p17:ASNARE 16.56 1.89

sy1233 tom-1; p17:ASNARE-FLAG 14.52 0.59

sy1242 tom-1;p17:-TOM-1A 5.03 7.31

syi229 tom-1;p17:TOM-1A 14.03 10.85
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We then measured cholinergic evoked responses from the NMJs of each of
the transgenic lines (Figure 2B). Unlike full-length TOM-1A over-expression,
neither TOM-1A SNARE nor TOM-1A ASNARE over-expression significantly reduced
the evoked amplitude relative to tom-1(nu468) (Figure 2C). Similarly, the enhanced
charge integral and the decay kinetics of the tom-1(nu648) mutants were not
significantly rescued by over-expression of either TOM-1A SNARE or TOM-1A
ASNARE, unlike full-length TOM-1A (Figures 2D and2E).

The linker between the tomosyn N terminus and the SNARE domain has been
postulated to act as an intramolecular switch, its interaction with the N terminus
freeing the C terminus to inhibit SNARE complex formation (Yamamoto et al., 2009).
To test the possibility that the linker interaction with the TOM-1A N terminus
prevents the N terminus from inhibiting release, we examined evoked release in
tom-1(nu468) mutants expressing a truncated TOM-1A N-terminal construct
cleaved at amino acid 989, which removes both the linker and the SNARE domain
(TOM-1A(1-989). Evoked responses from integrants expressing TOM-1A(1-989)
also failed to rescue the increased charge integral of tom-1(nu468) mutants (charge
integral of TOM-1A(1-989) 40.7 + 3.1 pC, n=4 Vs 48.2 + 6.1 pC, n=12 for tom-
1(nu468), p=0.86), remaining significantly enhanced relative to the wild type (26.5 +
2.0 pC,n=12, p=0.017, data not shown). This result suggests that the failure of TOM-
1A ASNARE to inhibit release was not due to interactions with the downstream

linker.
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Figure 2. SNARE and ASNARE domains of TOM-1A fail to rescue tom-1(nu468)
mutants. A. Schematic showing full-length TOM-1A (SY1242) and the SNARE
(SY1230) and ASNARE (SY1231) truncated constructs used to generate the
integrated transgenics. The position of the early stop at amino acid W212 for tom-
1(nu468) is indicated by the arrow B. Representative traces of evoked post-
synaptic responses and plots of evoked amplitude (% % %, p=0.006) (C), evoked
charge integral (% %,p=0.0014, % % %k, p=0.007) (D) and evoked half-time decay
((%k*,p=0.001, %k %3, p<0.0001) (E). All data are expressed as mean + SEM. The
Mann Whitney T-test was used to determine significance values relative to tom-
1(nu468). The sample size (n) is indicated as a number in each bar.
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Both the TOM-1A SNARE and ASNARE truncated constructs are stably expressed
and localized to nerve cord synapses

To determine whether the lack of rescue by TOM-1A SNARE and ASNARE constructs
was due to either poor expression or mislocalization, we generated C-terminal
FLAG-tagged versions of both the SNARE and ASNARE constructs. The mRNA levels
of the FLAG-tagged constructs determined by quantitative RT-PCR were ~26 fold
for SNARE:FLAG and ~8-fold for ASNARE:FLAG relative to tom-1 (nu468) (Table 1).
Protein extraction and Western blotting of the transgenic worms expressing FLAG-
tagged SNARE or ASNARE constructs confirmed that proteins of the predicted size
(~7kDa and ~110 kDa respectively) were generated (Figure 3A). We next
examined the subcellular localization of the truncated TOM1-A proteins in the
cholinergic neurons of C. elegans by immunostaining with anti-FLAG antibodies.
Staining was imaged along the ventral nerve cord anterior to the vulva, where all
electrophysiological recordings were performed (Figure 3B). The expression
pattern of both SNARE:FLAG and ASNARE:FLAG was diffusely distributed along the
nerve cord in keeping with previous observations of full-length TOM-1A tagged with
GFP (McEwen et al,, 2006). Despite their normal expression pattern, both
SNARE:FLAG and ASNARE:FLAG failed to rescue the tom-1(nu468) phenotype,
recapitulating the results observed in the untagged lines (Figure 4). These data
indicate that the inability of either the TOM1-A SNARE or ASNARE domain to

restore TOM-1 function was not due to misexpression.
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Figure 3. Both TOM1-A SNARE and ASNARE are stably expressed and localized
at synapses. A. The FLAG tagged SNARE and ASNARE constructs are of the
predicted size on Westerns. B. Representative confocal images of SNARE::FLAG and
ASNARE::FLAG expression in the ventral nerve cord (VNC) anterior to the vulva, the
region used for electrophysiological recording. Staining in the lateral nerve cord
(LNC) was also observed. Scale bar is 50 um.
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Figure 4. Flag-tagged TOM-1A SNARE and ASNARE transgenics phenocopy
untagged lines. A. Representative evoked response traces for SNARE::FLAG
(SY1232) and ASNARE::FLAG (SY1233) expressing lines. B. Plots of average evoked
amplitude and (C) evoked charge integral. All data are expressed as mean + SEM,
the sample size (n) is indicated as a number in each bar. Mann Whitney T-tests
showed values were not significantly different.
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Over-expression of TOM-1A SNARE or ASNARE fails to inhibit synaptic release in
wild-type worms

In cultured neurons, in which endogenous tomosyn is present, expression of either
tomosyn SNARE or tomosyn ASNARE has been reported to inhibit synaptic
transmission (Sakisaka et al., 2008; Yamamoto et al., 2009). To address whether C.
elegans TOM-1A SNARE or ASNARE expression has an inhibitory effect in the
presence of endogenous TOM-1, we crossed the truncated lines into the wild-type
background. Evoked synaptic responses were not inhibited by either TOM-1A
SNARE or ASNARE, whereas full-length TOM-1A over-expression caused a

significant decrease in evoked charge integral (Figure. 5).

Co-expression of SNARE and ASNARE constructs fails to reconstitute

TOM-1A function

To address whether co-expression of the TOM-1A SNARE and TOM-1A ASNARE
constructs could reconstitute TOM-1A function, we co-expressed both constructs
(SNARE/ASNARE) in the tom-1(nu468) background. Unlike full-length TOM-1A, co-
expression of TOM-1A SNARE/ASNARE failed to rescue the enhanced evoked
response of the tom-1(nu468) mutant (Figure 6A-C). Similarly, co-expression of
TOM-1A SNARE/ASNARE failed to recapitulate the inhibitory effect of full-length

TOM-1A over-expression in the wild-type background (Figure 6 D-F).
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Figure 5. Over-expression of TOM1-A SNARE or ASNARE constructs do not
inhibit synaptic release in the wild-type background. A. Representative evoked
traces for full-length TOM-1A (SY1237), SNARE (SY1234) and ASNARE (SY1235)
expressing transgenes in the wild-type background. (B) Average evoked amplitude
and (C) Average charge integral were only significantly reduced by full-length TOM-
1A relative to wild type (%% %, p=0.0005, and p=0.0007 for B and C, respectively).
All data are expressed as mean + SEM, the sample size (n) is indicated as a number
in each bar, significance values obtained with the Mann Whitney T-test.
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Figure 6. Co-expression of SNARE and ASNARE constructs failed to reconstitute
TOM-1A function. A. Representative evoked response traces for tom-1(nu468), and
with full-length TOM-1A over-expression (SY1242) or co-expression of SNARE and
ASNARE (SY1239), (B) average evoked amplitudes (* %%, p=0.0006) and (C)
average evoked charge integrals (* %, p=0.0021). (D) Representative evoked
response traces for wild type alone, and with TOM-1A over-expression (SY1237) or
co-expression of SNARE and ASNARE (SY1240), (E) average evoked amplitudes
(*%, p=0.0033) and (F) evoked charge integrals (%%, p=0.0037). All data are
expressed as mean + SEM, the sample size (n) is indicated as a number in each bar,
significance values obtained with the Mann Whitney T-test.
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2.5 Discussion

Although the inhibitory role of tomosyn in exocytosis is well established, the
molecular events underlying this negative regulation remain to be fully elucidated
(Ashery et al., 2009). To further our understanding of tomosyn function, we
examined the inhibitory capacity of the two conserved tomosyn domains in vivo. Qur
results indicate that the integrity of C. elegans TOM-1 is critical for its inhibitory
function, as neither TOM-1A SNARE nor ASNARE were able to restore TOM-1

function, when expressed separately or together in tom-1 mutants.

Although biochemical evidence strongly implicates the tomosyn SNARE
domain in the regulation of SNARE complex formation (Hatsuzawa et al., 2003;
Pobbati et al., 2004; Sakisaka et al., 2008), the inhibitory capacity of this domain
depends on the experimental context (Hatsuzawa et al., 2003; Yizhar et al., 2007;
Yamamoto et al.,, 2009). Whereas the tomosyn SNARE domain expressed in cultured
SCG neurons (Sakisaka et al., 2008) or applied to inverted PC12 cell plasma
membrane sheets (Hatsuzawa et al., 2003) inhibits secretion, evoked release is
unaffected in both chromaffin cells (Yizhar et al., 2007) and, as shown here, in C.
elegans motor neurons. What experimental variable might account for these
different outcomes? Since tomosyn SNARE-dependent synaptic inhibition in SGC
cells has only been assayed in wild-type neurons, it is possible that the SNARE
domain may inhibit release by altering intramolecular or intermolecular
interactions of endogenous tomosyn. However, the inability of the tomosyn SNARE
domain to inhibit release when endogenous tomosyn was present in wild type C.

elegans as well as chromaffin cells argues against this possibility. Alternatively, the
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ability of the SNARE domain to impact SCG neuron and PC12 ghost cell secretion
may reflect the achievement of higher expression levels by microinjection or direct
application in these cells. While we cannot rule out this explanation, the lack of an
inhibitory effect of SNARE over-expression in either chromaffin cells or C. elegans
neurons, at levels effective for full-length tomosyn, argues against the physiological
relevance of the observed inhibition in SCG and PC12 ghost cells. It is also possible
that the molecular events underlying the inhibitory capacity of the tomosyn SNARE
domain are differentially tuned in the neurons of vertebrates and C. elegans. The
vertebrate tomosyn SNARE domain has been shown to readily form tomosyn SNARE
complexes in cell free assays and to compete with synaptobrevin in the assembly of
SNARE complexes (Hatsuzawa et al., 2003; Pobbati et al., 2004). We know from in
vitro assays that the C. elegans TOM-1 SNARE domain is much less efficient than the
SNARE domain of C. elegans synaptobrevin (SNB-1) in promoting the assembly of
recombinant SNARE complexes (Gracheva et al., 2006). Moreover, the C. elegans
SNAP-25 homolog (RIC-4) is much less efficient than vertebrate SNAP-25 in
facilitating both TOM-1 and SNB-1-containing SNARE complex formation in vitro.
Substituting vertebrate SNAP-25 for RIC-4 greatly enhances levels of both C. elegans
TOM-1 and SNB-1 containing SNARE complexes in vitro (Gracheva et al., 2006).
Thus, we postulate that in vivo, C. elegans TOM-1 SNARE may be much less effective
in inhibiting fusogenic SNARE complex formation relative to the vertebrate tomosyn
SNARE domain in SCG cells. For this explanation to fit the current data, it would

suggest that there must also be differences in the ability of the vertebrate tomosyn

32



SNARE domain to impact dense core granule secretion in chromaffin cells relative to

SCG synapses.

In contrast to the SNARE domain, expression of the tomosyn N-terminal
domain inhibits release from both chromaffin (Yizhar et al., 2007) and SCG cells
(Yamamoto et al.; Sakisaka et al., 2008; Yamamoto et al., 2009), as does full-length
tomosyn lacking SNARE-syntaxin interactions in PC12 cells (Constable et al., 2005).
Yet, TOM-1 lacking the SNARE domain fails to rescue the C. elegans tom-1 mutant
phenotype. A recent analysis of rat tomosyn mutants indicates that tomosyn
promotes the formation of SNARE complex oligomers, providing a possible second
mechanism by which tomosyn may limit the assembly of fusogenic SNARE
complexes through the sequestration of SNARE proteins (Sakisaka et al., 2008).
Although the precise mechanism underlying SNARE complex oligomerization is
unknown, the tomosyn N-terminal domain recapitulates this effect in cell free
assays (Sakisaka et al., 2008). Since the isolation of native SNARE complexes from C.
elegans has yet to be achieved, we are unable to address whether tom-1 mutants
show a similar reduction in SNARE complex oligomerization. Regardless, the
inability of TOM-1A ASNARE over-expression to rescue tom-1 mutants or inhibit
release in wild type C. elegans suggests that, in this in vivo context, expression of full-

length TOM-1 is required for functionality.

How might linkage of the two TOM-1 domains within the full-length protein
contribute to the ability of TOM-1 to negatively regulate synaptic transmission?

Recently, evidence for a third tomosyn inhibitory mechanism has emerged, which
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involves a calcium-dependent interaction between the rat tomosyn N terminus and
the vesicle-associated calcium-sensor, synaptotagmin (Yamamoto et al.). The
binding of tomosyn to synaptotagmin interferes with the in vitro membrane-
bending ability of synaptotagmin, a function implicated in the vesicle fusion process
(Martens et al., 2007; Hui et al., 2009). Furthermore, injection of the synaptotagmin
cytoplasmic domain represses the ability of the tomosyn N-terminal domain to
inhibit release from cultured SCG neurons, suggesting the interaction between the
tomosyn N-terminal domain and endogenous synaptotagmin underlies this
inhibitory effect. Interestingly, synaptotagmin binding to full-length tomosyn also
enhances the ability of the tomosyn SNARE domain to form tomosyn SNARE
complexes (Yamamoto et al.). These data imply that the tomosyn N-terminal
interaction with synaptotagmin may favorably position the C-terminal tomosyn
SNARE domain to initiate tomosyn SNARE complex assembly. This result suggests
that the integrity of tomosyn could facilitate simultaneous interference with
synaptotagmin function and SNARE complex assembly, via the linked N- and C-
terminal domains, respectively. In this model, the spatial proximity of the two
tomosyn domains, would be an important requirement for the dual inhibition and
may explain why the integrity of TOM-1 is essential for inhibitory function at C.

elegans synapses.

In conclusion, we have conducted the first in vivo analysis of TOM-1
structure-function in a tom-1 mutant background. Based on our results we conclude
that the physical link between the N- and C-terminal domains is critically important

for the normal function of TOM-1. This result differs from previous studies in
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cultured mammalian cells, in which over-expression of the SNARE domain produced
variable results and the N terminus inhibited secretion. It remains to be seen
whether expression of either the tomosyn SNARE or delta-SNARE domains in the
recently available mouse tomosyn mutants restores tomosyn function in vivo

(Yamamoto et al.,, 2009).
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writing the manuscript.
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3.1 Abstract

Evoked synaptic transmission is dependent on interactions between
the calcium sensor Synaptotagmin I and the SNARE complex, comprised of Syntaxin,
SNAP-25, and Synaptobrevin. Recent evidence suggests that Snapin may be an
important intermediate in this process, through simultaneous interactions of Snapin
dimers with SNAP-25 and Synaptotagmin. In support of this model, cultured
neurons derived from embryonically lethal Snapin null mutant mice exhibit
desynchronized release and a reduced readily releasable vesicle pool. Based on
evidence that a dimerization-defective Snapin mutation specifically disrupts
priming, Snapin is hypothesized to stabilize primed vesicles by structurally coupling
Synaptotagmin and SNAP-25. To explore this model in vivo we examined synaptic
transmission in viable, adult C. elegans Snapin (snpn-1) mutants. The kinetics of

synaptic transmission were unaffected at snpn-1 mutant neuromuscular junctions
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(NMJs), but the number of docked, fusion competent vesicles was significantly
reduced. However, analyses of snt-1 and snt-1;snpn-1 double mutants suggest that
the docking role of SNPN-1 is independent of Synaptotagmin. Based on these results
we propose that the primary role of Snapin in C. elegans is to promote vesicle
priming, consistent with the stabilization of SNARE complex formation through
established interactions with SNAP-25 upstream of the actions of Synaptotagmin in

calcium-sensing and endocytosis.

3.2 Introduction

Neurotransmitter release is dependent on the assembly of SNARE (soluble N-
ethylmaleimide sensitive factor adaptor protein receptor) complexes formed
between the plasma membrane associated proteins, Syntaxin and SNAP-25
(synaptosomal-associated protein 25 kDa) and the vesicle-associated protein
Synaptobrevin (VAMP-2) (Trimble et al., 1988; Sollner et al., 1993b; Fasshauer et al,,
1998; Sutton et al.,, 1998b). The zippering together of the coiled-coil SNARE motifs
of these three proteins is thought to bring the vesicle membrane into close
apposition with the plasma membrane, developing a fusion competent state in a
process known as priming (Jahn et al.,, 2003; Matos et al., 2003). Based on clostridial
toxin disruption as well as knockout studies, all three SNARE proteins are
considered to be essential components of this minimal membrane fusion machinery

(Augustine et al., 1996; Schiavo et al., 2000; Schoch et al., 2001).

In addition to the SNARES, the integral synaptic vesicle protein

Synaptotagmin-1 plays a prominent role as a Ca?* sensor (Brose et al., 1992),
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triggering the synchronous fusion of primed vesicles in response to action potential
induced Ca?* entry through voltage-gated Ca2* channels (Geppert et al., 1994). Two
Ca?* binding domains within the cytoplasmic region of Synaptotagmin, called C2A
and C2B are critical for this function and exhibit increased affinity for both the
SNARE complex and membrane lipids upon calcium-binding, which together
promote the exocytic event (Davletov and Sudhof, 1993). The speed and accuracy of
the Synaptotagmin/SNARE complex interaction is an important determinant of
exocytic response kinetics (Fernandez-Chacon et al.,, 2001; Striegel et al., 2012).
Recent studies have suggested that the highly conserved protein, Snapin, may also

contribute to the timing and efficacy of this process (Pan et al.,, 2009).

Snapin was first identified as a SNAP-25 interacting protein in a yeast two
hybrid screen of human brain cDNA, and was subsequently shown to bind
Synaptotagmin-1 (Ilardi et al., 1999). By interacting with both the SNARE complex
and Synaptotagmin-1, Snapin dimers are postulated to promote the Synaptotagmin-
1/SNARE complex interaction. Phosphorylation of Snapin by protein kinase A
(PKA) enhances the association of Snapin and Synaptotagmin-1 with the SNARE
complex thus, Snapin is also a potential effector of PKA-dependent synaptic

facilitation (Chheda et al., 2001; Thakur et al., 2004; Tian et al., 2005).

Although Snapin and Synaptotagmin-1 are predicted to act in the same
pathway on the basis of biochemical interactions, analysis of vertebrate
Synaptotagmin-1, and Snapin mutant cultured neurons reveal different phenotypes.

Specifically, neurons derived from Snapin mutants have reduced synaptic event
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frequency (Pan et al., 2009) whereas studies of Synaptotagmin-1 mutants often
report increased endogenous rates (Broadie et al.,, 1994; Littleton et al., 1994; Pang
et al., 2006), although not in autaptic cultures (Geppert et al., 1994), possibly
reflecting differences in synaptic behavior with different culture conditions (Xu et
al,, 2009). Furthermore, in some studies Synaptotagmin-1 has also been implicated
in endocytosis, possibly by binding to the heterooligomeric AP-2 protein complex,
which recruits clathrin and results in the formation of clathrin-coated vesicles
(Zhang et al., 1994; Jorgensen et al., 1995; Poskanzer et al., 2003; Yao et al,, 2012).
An endocytic role for Snapin is less clear, although cultured Snapin neurons have
fewer vesicles, which could reflect a vesicle recycling defect (Pan et al., 2009).
However, cell culture experiments such as these are not always able to fully
recapitulate protein function in the intact nervous system. Neither the role of
Snapin nor its functional interplay with Synaptotagmin has been examined in vivo.
C. elegans offers an excellent model system in which to assess the consequences of
mutating Snapin (snpn-1), Synaptotagmin (snt-1), as well as double mutants, at the
behavioral, electrophysiological, and ultrastructural levels within an intact

organism.

3.3 Materials and Methods

Genetics

Nematodes were maintained on agar plates seeded with OP50 bacteria.
Strains used were N2 Bristol, snpn-1(tm1892) 2x outcrossed, NM204 snt-1(md290),

SY1297 snt-1(md290)snpn-1(tm1892), GH19 glo-2(zu455), ZM1462 nuls94[Pacr-
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2::SNB-1::GFP], SY1368 snpn-1(tm1892);nuls94[Pacr-2::SNB-1::GFP], SY1361 snt-
1(md290);[Pacr-2::SNB-1::GFP}, SY1449 snpn-1(tm1982); jals1092(integrated Punc-
17::snpn-1; 6x outcrossed ), SY1498 jaEx1058[Psnpn-1::GFP-snpn-1::snpn-

1utr(pSY1); Prab-3::mCherry::unc-54utr(pGH8)]; snpn-1(tm1892).

Standard conventional cloning protocols were used to generate the SNPN-1
over-expression vector for cholinergic rescue [Punc-17::snpn-1]. Genomic DNA for
the C. elegans snapin gene, snpn-1 was amplified from adult hermaphrodites using
the following primers, primer 1: 5’
ACGGATCCATGTCGTCAACTGCTGGAGGCGAAGTG and primer 2: 5’
CAGGATCCGAAAATAGACAAACAGCTGCCG. The primers each contain a BamHI
restriction site that was used to ligate this product into a vector containing the Punc-

17 promoter.

The multisite gateway three-fragment vector construction protocol
(Invitrogen cat. 12537-023) was used to generate the SNPN-1 expression vector,
JjaEx1058[Psnpn-1::GFP-snpn-1::snpn-1utr]. Primer 3: 5’
AAAACGTAATTGGCTGCCGATTTTGAG and primer 4: 5’-
GAAAAATGAAGGAAGTTGGCTTCAGAG were used to amplify a region spanning six
hundred and seventy five base pairs upstream of the snpn-1 start codon, the snpn-1
gene, and its 3’'UTR from adult hermaphrodite genomic DNA using the HotStarTaq
Plus Master Mix kit (Qiagen, cat. 203643). The PCR product was then cloned into
pCRII-Blunt-TOPO vector using the Zero Blunt TOPO PCR Cloning Kit. From this PCR

product the snpn-1 promoter and the snpn-1 coding region plus 3’'UTR were
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separately amplified using gateway primers (primer 5: 5’-
GGGGACAACTTTGTATAGAAAAGTTGCCAAAACGTAATTGGCTGCCGATT and primer
6: 5- GGGGACTGCTTTTTTGTACAAACTTGTCATTTTAGCTGTAAGAAAGAAGA for the
snpn-1 promoter, and primer 7: 5’-
GGGGACAGCTTTCTTGTACAAAGTGGCCATGTCGTCAACTGCTGGAGGCG, primer 8: 5’-
GGGGACAACTTTGTATAATAAAGTTGTGAAAAATGAAGGAAGTTGGCTTC) for the
snpn-1 coding region and 3’"UTR). The snpn-1 promoter region was then cloned into
the pDONR221 P4-P1r vector. The GFP sequence without a stop codon was cloned
into the pDONR221 vector and the genomic snpn-1 sequence along with 848 base
pairs of downstream sequence after the stop codon was cloned into pPDONR221 P2r-
P3. Aligation reaction was then performed so that all three sequences in the donor
vectors were in the destination vector, pDEST R4-R3 Vector II producing an N-

terminally GFP-tagged SNPN-1 under the snpn-1 promoter.

Quantitative RT-PCR

Total mRNA was isolated from 8 plates of the worms for each strain using
TRIzol (Invitrogen) extraction. Genomic DNA was removed using the TURBO-
DNAFree Kit (Ambion). Reverse transcription was done from purified mRNA using
the SuperScript III First-Strand Synthesis System (Invitrogen) with oligo(dT)
primers. qRT-PCR was performed using fluorescent detection and quantification of
SYBR green-labeled PCR product using an MJResearch Opticon?2 real-time
thermocycler. The cycle threshold [C(t)] value for Snapin was normalized to that of

a dynamin (dyn-1) control using the equation: AC(t)sample = C(t)snpn-1 - C(t)dyn-
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1. Normalized C(t) values for the snpn-1 mutant (tm1892) samples were then
referenced to the wild type (calibrator) to determine the relative amount of snpn-1
mRNA using the equation: AAC(t)sample = AC(t)sample — AC(t)calibrator. Primers
for RT-PCR were: primer 9: 5’-CTGTGGACTTGCTCCCCTAC and primer 10: 5’-

TTTTGTGAGACGTTCGAGGA.

Behavioral assay

Behavioral analysis was conducted on N2 and the snpn-1(tm1892), snt-1(md290),
and snt-1(md290);snpn-1(tm1892) mutants. Thrashing behavior for individual
worms placed in M9 medium was measured per minute over a 3 minute period.
Head tap assays were performed on worms acclimated for 1 minute on seeded agar
plates. A worm pick was used to gently tap the worm on the head, and the total
number of elicited body bends was counted. A body bend is described as the

movement in which the head of the worm completes a full sinusoid.

Electrophysiology

The dissection and electrophysiological methods were as previously described
(Richmond et al., 1999b; Richmond, 2009). Briefly, animals were immobilized with
Histoacryl Blue glue, and a lateral cuticle incision was made with a glass needle,
exposing the ventral medial body wall muscles. Body wall muscle recordings were
made in the whole-cell voltage-clamp configuration (holding potential, -60 mV)
using an EPC-10 patch-clamp amplifier and digitized at 1 kHz. The 5mM Ca?*
extracellular solution consisted of 150 mM NacCl, 5 mM KCl, 5 mM CacCl;, 4 mM

MgClz, 10 mM glucose, 5 mM sucrose, and 15 mM HEPES (pH 7.3, ~340 mOsm), Ca2*
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was replaced with NaCl in the 1mM Ca?*extracellular solution. The patch pipette
was filled with 120 mM KCl, 20 mM KOH, 4 mM MgCl;, 5 mM (N-
tris[Hydroxymethyl] methyl-2-aminoethane-sulfonic acid), 0.25 mM CaClz, 4 mM
NaZATP, 36 mM sucrose, and 5 mM EGTA (pH 7.2, ~315 mOsm). Data were acquired
using Pulse software (HEKA, Southboro, Massachusetts, United States) run on a Dell
computer. Subsequent analysis and graphing was performed using Pulsefit (HEKA),
Mini analysis (Synaptosoft Inc., Decatur, Georgia, United States) and Igor Pro

(Wavemetrics, Lake Oswego, Oregon, United States).

Confocal imaging and analysis

Puncta/10um for each strain expressing SNB-1::GFP was determined as described
previously (Kim et al 2007). In brief, young adults for each genotype were mounted
on 2% agarose pads and immobilized using 10% sodium azide (Sigma) in M9 buffer.
Images were obtained with a 60x objective on an Olympus Optical FV-500 laser
scanning confocal microscope. Synapses along the dorsal nerve cord were analyzed

using the ‘Punctaanalyser’ program in Matlab (Kim et al., 2008).

Electron microscopy

High-pressure freezing and freeze substitution. N2, snpn-1(tm1892), snt-1(md290)
and snt-1(md290)snpn-1(tm1892) young adult hermaphrodites for each strain were
prepared for high-pressure freezing as described previously (Rostaing et al., 2004).
Briefly, 10-15 animals were loaded in a specimen chamber filled with Escherichia
coli and immobilized by high-pressure freezing at -180°C under high pressure in a

Bal-Tec HPM010 and moved to liquid nitrogen.
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Freeze substitution was performed in a Reichert AFS machine (Leica,
Oberkochen, Germany) as described previously for morphological analysis, using
tannic acid (0.1%) and 0.5% gluteraldehyde fixative introduced over 96 hours,
followed by 2% osmium oxide (0s04) (Weimer et al., 2006). Fixed specimens were
then embedded in Araldite 502 over 48 h period at 65°C. Serial sections were cut at
a thickness of 40 nm, collected on formvar-covered, carbon-coated copper grids
(EMS, FCF2010-Cu), and counterstained in 2.5% aqueous uranyl acetate for 4 min,
followed by Reynolds lead citrate for 2 min. Images were obtained on a Jeol JEM-
1220 (Tokyo, Japan) transmission electron microscope operating at 80 kV.
Micrographs were collected using a Gatan digital camera (Pleasanton, CA) at a

magnification of 100x.

Morphometric analysis of ventral nerve cord serial sections was scored blind.
Images were quantified using NIH Image] software. A synapse was defined as a set
of serial sections containing a presynaptic specialization and two flanking sections

from both sides without presynaptic specialization.

Statistical analysis

All graphed data were plotted as mean and S.E.M, and significance was assessed
using the Mann-Whitney test. Statistically significant values were: not significant p

>0.05,* p < 0.05, ** p < 0.01, *** p < 0.001.
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34 Results

snpn-1 mutants exhibit locomotory defects

The single C. elegans Snapin homolog (snpn-1) encodes a 122 amino acid
protein that is 29% identical (59% similar) to mouse Snapin. We obtained a
deletion mutant, snpn-1(tm1892), which eliminates 520 genomic base pairs,
spanning the upstream regulatory sequence, the start codon, the first exon and
intron, and half of the second exon of the three exon snpn-1 coding region (Fig. 1A).
Based on the extent of the snpn-1 deletion and the complete absence of a detectable
transcript following qRT-PCR (data not shown), this mutant is thought to be a
molecular null (Hermann et al., 2012). Unlike mouse Snapin mutants which die
shortly after birth, C. elegans snpn-1(tm1892) mutants are viable and fertile,
allowing us to assess the behavioral consequences in freely moving adult snpn-1
nulls. A gentle tap to the head produces a reliable backing response in wild-type
worms that can be scored as number of body bend reversals. As shown in Figure
1B, snpn-1(tm1892) mutants produced significantly fewer body bend reversals in
response to a head tap when compared to wild-type worms (p=0.0008). Similarly,
the thrashing response of snpn-1(tm1892) mutants elicited by placing worms in M9
medium, was significantly depressed when compared to the wild type after 3
minutes (p<0.0001) (Fig. 1C). Given that the interaction between Snapin and
Synaptotagmin suggests a functional link between these two proteins, we next
assessed the behavioral consequences of eliminating SNPN-1 on the behavior of C.
elegans snt-1 mutants. Where as the head tap response and thrashing

measurements of snt-1(md290) null mutants were more severely impacted in
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comparison to snpn-1 mutants (Fig. 1B,C), the snt-1;snpn-1 double mutants showed
no further reduction, with the exception of the third minute of thrashing (P=0.016)
suggesting that any additive functions of SNT-1 and SNPN-1 are marginal and

require prolonged activity.

The behavioral defects in snpn-1 mutants are indicative of altered
neuromuscular function. To assess whether SNPN-1 acts pre or post-synaptically at
neuromuscular junctions (NMJs) we first generated an extrachromasomal GFP-
tagged snpn-1 transgene under its own promoter. GFP::SNPN-1 expression was
broadly expressed in the nervous system based on colocalization with mCherry
driven by the C. elegans rab-3 promoter which is panneuronally expressed (Fig. 1D),

but absent from body wall muscles suggesting that SNPN-1 plays a presynaptic role.
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Figure 1. Neuronally expressed C. elegans Snapin and Synaptotagmin regulate
locomotory behavior. (A) The Snapin (snpn-1) gene structure and location of the
snpn-1(tm1892) deletion. (B) The mean + SEM number of body bend reversals
triggered by a single head tap were significantly reduced in snpn-1(tm1892), snt-
1(md290) and the double mutants. (C) The mean + SEM values for thrashing
responses of snpn-1 mutants placed in solution show a modest decrease compared
to snt-1 and snt-1;snpn-1 doubles mutants. It should be noted that subtle differences
between snt-1 single and double mutants would be difficult to discern in this assay,
given the already very low thrashing rates observed in snt-1 mutants. Significance
values for all mutants are < 0.0001 relative to wild-type. (D) Expression of
GFP::SNPN-1 under the snpn-1 promoter co-localized with mCherry driven by the
pannueronal pRab-3 promoter throughout the C. elegans nervous system.
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snpn-1 mutants exhibit an evoked synaptic defect

To directly assay for alterations in synaptic transmission, recordings were
made from the cholinergic NM]Js of dissected worms. These in situ recordings,
initially performed in the presence of 5mM Ca?* Ringer, revealed a trend toward
reduced evoked junctional current (EJC) amplitudes and charge integrals in snpn-1
mutants, although these decreases did not reach significance (p=0.0635 and
p=0.174, respectively) (Fig. 2A-C). The frequency of endogenous synaptic events in
snpn-1 mutants was also within the wild type range (p=0.953) (Fig. 2E). Consistent
with their more severe behavioral deficits, snt-1 mutants on the other hand, showed
a significant reduction in both EJC amplitude (p=0.0014) and charge integral
(p=0.0019), as well as endogenous event frequency in 5mM Ca?* Ringer (p=0.0007)
(Fig. 2A-C,E). Both EJCs and endogenous synaptic events in the snt-1;snpn-1 double
mutants were no more severe than snt-1 alone, showing that in the snt-1
background, loss of SNPN-1 has no additional effect on these release parameters

(Fig. 2A-C,E).
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Figure 2. Electrophysiological analysis of snpn-1 and snt-1 mutants. (A)
Representative evoked post-synaptic responses from voltage-clamped body wall
muscles following nerve cord stimulation in acutely dissected worms in 5Ca?* and
(F) and 1Ca?* extracellular saline. Plots of the average evoked amplitude (B,G),
evoked charge integral (C,H) evoked decay (D,I) and endogenous mini frequency
(E,K) demonstrate that both snpn-1 and snt-1 mutants have release defects that are
more severe in snt-1 mutant. The significant synaptic defects of snpn-1 mutants
observed under low 0.5Ca?* conditions are fully rescued by expressing SNPN-1
under the cholinergic Punc-17 promoter (F-K). In all parameters plotted, snpn1;snt-
1 double mutants do not exhibit additivity.



Given the established role of Synaptotagmin as a calcium-sensor for synaptic
vesicle exocytosis, and the proposed functional interaction between SNT-1 and
SNPN-1, we next examined EJCs in snpn-1 and snt-1 mutants in reduced (1mM) Ca2+
Ringer, where changes in the Ca%*-sensitivity of release are more apparent. Under
these recording conditions, EJC amplitude and charge integral of snpn-1 mutants
were significantly reduced when compared to wild-type (p=0.0027 and p=0.02,
respectively), although the reduction was less severe than those of snt-1 mutants
(p=0.0016 and p=0.0016) (Fig. 2F-H). A similar trend towards fewer endogenous
minis was also observed in 1mM Ca?* Ringer (snt-1 p=0.0007), although this was not
significant for snpn-1 mutants (p=0.414) (Fig. 2K). As seen in 5mM Ca?* Ringer,
evoked and endogenous synaptic events of snt-1;snpn-1 doubles were no more

reduced than snt-1 alone.

Unlike mouse cultured neurons from Snapin mutants, we saw no evidence of
asynchronous release in C. elegans snpn-1 mutants or slower EJC decay kinetics in
either 5mM or 1mM Ca?* (Fig. 2D,I). However, snt-1 mutants, showed faster decay
kinetics that reached significance in all but the low calcium double mutant. This
effect could be due to more efficient acetylcholine (ACh) clearance from the cleft
resulting from greatly reduced ACh release levels. Alternatively, the faster decay
kinetics of snt-1 mutants may reflect a shorter release phase, associated with the
release properties of the remaining unidentified calcium-sensors in the absence of

SNT-1.
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SNPN-1 acts presynaptically to regulate release

To determine whether the synaptic defect of snpn-1 mutants is due to loss of
neuronal SNPN-1, we integrated a non-tagged genomic snpn-1 transgene driven by
the cholinergic neuron specific promoter, Punc-17 into the genome of snpn-1
mutants and assessed rescue of the cholinergic EJC in 1mM Ca2* Ringer. As shown
(Fig. 2F-H), Punc-17::snpn-1 rescued the evoked response to wild-type levels (E]JC
amplitude p=0.21 relative to wild-type, EJC charge integral slightly exceeding wild-
type (p=0.028)) (Fig. 2F-H), indicating that the synaptic defect is specific to the
snpn-1 gene deletion and not a background mutation, and that SNPN-1 is required

presynaptically for normal synaptic transmission.

Snapin is also known to be a component of BLOC-1 (biogenesis of lysosome-
related organelle complex) (Hermann et al., 2012). To address the possibility that
the synaptic phenotype of snpn-1 mutants represents disruption of BLOC-1, we
recorded the NM] evoked responses from a mutant of the BLOC-1 protein,
Pallidin(glo-2), in 1mM external calcium (Hermann et al,, 2012). Unlike snpn-1
mutants, glo-2(zu455) mutants exhibited wild-type response amplitudes (wild-type
1291 +/-159 pA, n=8, glo-2 1285+ /-135 pA, n=5, p=0.94) suggesting that the snpn-1

synaptic phenotype is not due to disruption of BLOC-1 function.

SNPN-1 does not affect synapse number in C. elegans
Cultured hippocampal neurons from Snapin mutant mice have significantly fewer
synapses (Pan et al., 2009). If this phenotype is conserved, it could explain the

behavioral and electrophysiological defects observed in C. elegans snpn-1 mutants. .
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To test whether snpn-1 mutants have altered synaptic density, we crossed a
transgenic line expressing GFP-tagged Synaptobrevin under the cholinergic
neuronal promoter Pacr-2 into the snpn-1 mutant background. GFP puncta along
the dorsal nerve cord, where individual cholinergic synapses can be readily
discerned, were imaged and scored to provide a measure of synaptic density (Fig.

3). Neither the density (p=0.51) nor average fluorescence intensity (p=0.061) of
puncta was altered in snpn-1 mutants when compared to the wild type, indicating
that the observed locomotory and electrophysiological defects were not the result of
altered synaptic number (Fig. 3B,C). Similarly, snt-1 mutants showed normal

synaptic density (p=0.57) and puncta intensity (p=0.22) (Fig. 3B,C).
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Figure 3. The functional defects of snpn-1 and snt-1 mutants are not associated
with reduced synaptic density. (A) Representative confocal images of dorsal cord
synaptic puncta visualized using the GFP tagged synaptic vesicle protein,
Synaptobrevin (SNB-1::GFP). (B-C) Quantification of average synaptic vesicle
density and SNB-1::GFP puncta fluorescence show no significant differences
between the snpn-1 and snt-1 mutants relative to Wild-type.
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SNPN-1 functions in synaptic vesicle docking

To determine which step of the vesicle cycle is impacted in snpn-1 mutants and to
examine the degree of functional overlap between SNPN-1 and SNT-1, we prepared
snpn-1, snt-1 and snt-1;snpn-1 double mutants for EM analysis using high-pressure
freeze fixation (HPF) and freeze substitution. 40nm serial sections were collected
anterior to the vulva to obtain electron micrographs of NMJs in the region where
electrophysiological recordings were made (Fig. 4A). Morphometric analyses of
NM] profiles with a visible presynaptic density were then performed. The total
number of synaptic vesicles per synaptic profile was normal in snpn-1 mutants
relative to wild-type NM]Js (p=0.28), whereas the vesicle density of snt-1 mutants
was significantly reduced (p<0.0001), a phenotype that has previously been linked
to an endocytic defect associated with loss of SNT-1 (Fig. 4B) (Jorgensen et al.,
1995). The presence of large irregular cisternae in snt-1 mutants provided further
evidence of abnormal endocytosis (p<0.0001) (Fig. 4A,C). The lack of cisternae
(p=0.77 relative to wild-type) and normal vesicle density in snpn-1 mutants suggests
that SNPN-1 does not play a direct role in vesicle recycling, nor does it impact the
function of SNT-1 in this process. Consistent with this conclusion snt-1; snpn-1
double mutants have similar vesicle numbers and cisternae to the snt-1 single

mutants (Fig. 4C).
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Figure 4. The different ultrastructural phenotypes of snpn-1 and snt-1 mutants
are additive suggesting independent roles in the synaptic vesicle cycle. (A)
Representative micrographs of neuromuscular junctions (NMJs) from 40nm
sections of specimens prepared by high-pressure freeze fixation (HPS). The
neuronal presynaptic density in each synaptic profile is labeled PD, examples of
docked synaptic vesicles (SV) are indicated with an arrowhead and cisternae are
indicated by an arrow. The plotted data show that the average number of synaptic
vesicles per synaptic profile is reduced in snt-1 but not snpn-1 mutants (B) and that
snt-1, but not snpn-1 mutants exhibit high numbers of cisternae (C). Both snt-1
mutant phenotypes are indicative of an endocytic defect. Plots of the number of SVs
docked at the plasma membrane show reductions in both snpn-1 and snt-1 mutants
(D), however, when the docking defect is plotted as a ratio of SVs in each profile, the
docking defect only persists in snpn-1 mutants.
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Although synaptic vesicle density was unaffected in snpn-1 mutants, the
number of vesicles that are morphologically docked on the plasma membrane was
significantly reduced (p=0.0005) (Fig. 4D). snt-1 mutants also showed a reduction
in absolute number of docked vesicles (p<0.0001) (Fig. 4D), however in the case of
snt-1, this docking defect appeared to be a consequence of reduced vesicle density,
based on the fact that the fraction of docked vesicles plotted as a function of total
vesicles per profile in snt-1 mutants was not significantly reduced compared to wild-
type (p=0.17) (Fig. 4E). The fact that the 50% reduction in absolute docked vesicles
in snt-1 mutants was less pronounced than the 75% reduction in EJC charge integral
suggests that SNT-1 has additional functions beyond endocytosis, consistent with
the well-documented role of snt-1 as a calcium sensor promoting vesicle fusion. In
contrast, the vesicle-docking defect of snpn-1 mutants was not due to reduced
vesicle density, and therefore implicates SNPN-1 in vesicle docking (p=0.0016 for
the fraction of docked vesicles relative to wild-type). Furthermore, the additivity of
absolute docking defects observed in the snt-1;snpn-1 double mutants (p<0.0001
relative to snpn-1 and p=0.0001 relative to snt-1), suggests that the SNPN-1 docking

function is independent of SNT-1 (Fig. 4D).

There is an apparent disparity between the additivity of the docking defect in
the snt-1;snpn-1 double mutant relative to the single snt-1 mutant (p=0.0001) (Fig
4D), and the lack of additivity of the E]C deficit in the double mutant when
compared to the snt-1 mutant alone (EJC amplitude p=1.0, charge integral p=0.55)
(Fig 2G,H). To address this issue, the distribution of docked vesicles relative to the

presynaptic density (Fig 5A), the presumptive Ca2* entry and release site of the NM],
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was examined in the snpn-1 and snt-1 single and double mutants. This analysis
demonstrated that the number of vesicles docked near the presynaptic density was
reduced to similar levels in snt-1 and snt-1;snpn-1 double mutants (Fig. 5C,D), both
of which were more severe than snpn-1 alone (Fig. 5B). Thus, the similar extent of
the electrophysiological deficits observed in snt-1 single and snt-1;snpn-1 double
mutants may be a reflection of the similar degree to which releasable docked

vesicles adjacent to the presynaptic density are reduced.
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Figure 5. PD proximal vesicle docking deficits in snt-1 and snt-1;snpn-1
mutants correlate with their release defects. (A) The distance from docked
synaptic vesicle (SV) membrane to the closest PD referred to as dPD, is used to plot
the distribution of docked vesicles relative to the PD, in graphs (B-D). The extent of
the vesicle docking defect (highlighted by the horizontal dashed line) within 90 nm
of the PD (depicted as a vertical rectangular box on graphs) is similar in snt-1 (C)
and snt-1;snpn-1 double mutants (D). All statistically significant values for dPD,
plotted as mean and SEM for mutants when compared to the wild type are shown.
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3.5 Discussion

In situ recordings and ultrastructural data from the NM]Js of snpn-1 mutant
worms demonstrate a role for Snapin in synaptic vesicle docking and exocytosis.
Specifically, snpn-1 mutants exhibit reduced vesicle docking and a concomitant drop
in evoked release amplitude, more evident in low calcium recording conditions.
Cortical neurons cultured from mouse Snapin mutants also exhibit a synaptic vesicle
docking defect at the EM level, however this defect is associated with a
corresponding reduction in total vesicle number within these synapses which is not
observed at C. elegans snpn-1 mutants (Pan et al., 2009). Thus, the ratio of docked
vesicles in mouse Snapin mutants is not impacted, suggesting that docking in mouse

Snapin mutants is likely a secondary consequence of vesicle depletion.

Under the HPF fixation conditions used to prepare C. elegans NM]Js for EM
analysis, morphological vesicle docking has previously been shown to require both
the priming factor UNC-13(Munc13) and the plasma membrane SNARE, UNC-

64 (Syntaxin), indicating that morphological docking is a correlate of vesicle priming
(Weimer et al., 2006; Gracheva et al., 2007; Hammarlund et al., 2007). A small
residual docked but unprimed pool near the presynaptic density in these mutants
requires interactions between vesicle-associated Rab-3(RAB-3) with integral
components of the presynaptic density, Rim(UNC-10) and Liprin(SYD-2), which
promote vesicle docking near release sites (Gracheva et al.,, 2007; Gracheva et al,,
2008; Stigloher et al., 2011). Given that vertebrate Rab-3 and Rim interact with
Munc13 in a trimeric complex (Dulubova et al., 2005), these two processes (Rab-

3/Rim dependent docking and UNC-13/SNARE-dependent priming) are thought to
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act in concert to maintain a superprimed vesicle pool close to the presynaptic
density, the presumptive release site at which voltage gated Ca2* channels are
enriched. The existence of a Rab3-dependent superprimed vesicle pool was first
established on the basis of recordings from mouse hippocampal neurons from Rab3
quadruple knockouts (Schluter et al., 2006). These mutants exhibit a deficit in
fusion events due to loss of a subpopulation of vesicles with higher release
probabilities postulated to be proximal to Ca2* entry points. Consistent with this
interpretation, C. elegans Rab-3, unc-10(Rim) and syd-Z(Liprin) mutants all exhibit a
more pronounced reduction in evoked release under low Ca2* recording conditions
corresponding to loss of proximally docked vesicles (Gracheva et al., 2008; Stigloher
etal.,, 2011). The observation that SNPN-1 also promotes vesicle docking near
presynaptic densities could explain the increased severity of the release deficit
observed in C. elegans snpn-1 mutants under low Ca2* conditions which normally
favor fusion of proximal, superprimed vesicles. Given that Snapin is an established
SNAP-25 binding partner, the docking defect that we observe in C. elegans Snapin
mutants is most consistent with previous evidence implicating the Snapin/SNAP-25
interaction in the stabilization of assembled SNARE complexes, promoting priming

(Ilardi et al., 1999; Pan et al., 2009).

The degree to which Snapin regulates release appears to be species specific.
In both C. elegans snpn-1 mutants and a Drosophila Snapin RNAI line (Dickman et al.,
2012), the evoked release defects associated with loss of Snapin are mild. In
contrast, cortical neurons derived from Snapin knockout mice, exhibit severe

evoked release defects, which are still evident at synapses from heterozygotes (Pan
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et al.,, 2009). Similarly, there are no defects in synaptic development or density in
either C. elegans or Drosophila following loss of Snapin, while Snapin-null mice, die
as neonates (Tian et al., 2005) and exhibit reduced brain cell density, as well as
reduced cell viability and synaptic density in cultured cortical neurons (Pan et al.,
2009; Zhou et al,, 2012). These mammalian neuronal growth and survival defects
are associated with loss of BDNF/TrkB retrograde signaling through disruption of a
Snapin/Dynein interaction (Zhou et al., 2012), and may exacerbate synaptic function
in cultured mouse Snapin mutant synapses to a greater extent than that observed in

situ at fly and worm NMJs.

Biochemical evidence indicates that dimerized vertebrate Snapin can interact
simultaneously with SNAP-25 and Synaptotagmin (Pan et al., 2009), promoting the
interaction between the calcium sensor and the SNARE complex to enhance the
efficacy of release of the primed vesicle pool. Consistent with this model, cultured
neurons derived from Snapin mutant mice exhibit severe defects in both the
frequency of endogenous release and the amplitude of evoked synaptic
transmission, attributable to a reduced primed vesicle pool based on sucrose
responses (Pan et al,, 2009). A similar reduction in the readily releasable pool has
been observed in chromaffin cells derived from Snapin knockout mice, suggesting
Snapin also promotes dense core vesicle priming (Tian et al., 2005). Furthermore, a
point mutation in vertebrate Snapin that reduces Snapin dimerization and weakens
binding to both SNAP-25 and Synaptotagmin, fails to restore the vesicle priming
defect of neurons from Snapin null mice (Pan et al., 2009). While our results are

consistent with a priming function for Snapin in C. elegans, we see no evidence that
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this function requires the simultaneous binding of Snapin to SNAP-25 and
Synaptotagmin. Specifically, our analyses of snt-1 and snt-1;snpn-1 double mutants
suggest that the docking defect in C. elegans Snapin mutants persists in the absence
of Synaptotagmin. Thus in C. elegans, the function of Snapin in synaptic vesicle
docking/priming appears to be Synaptotagmin-independent and most likely reflects
disruption of Snapin interactions with SNAP-25, resulting in the destabilization of
SNARE complexes. A similar conclusion was reached for the role of Drosophila
Snapin in synaptic homeostasis, a process that exhibits genetic interactions between
Snapin and SNAP-25, but is independent of Synaptotagmin (Dickman et al.,, 2012). It
remains a possibility that the priming role of mouse Snapin is also independent of
Synaptotagmin, the failure of the dimerization defective Snapin mutant to rescue
release amplitude reflecting the observed disruption of the SNAP-25 interaction

independent of the simultaneous disruption of Synaptotagmin binding.

C. elegans snt-1 mutants exhibit evidence of an endocytic defect, consistent
with an established interaction of this protein with the AP-2 complex, required for
clathrin-mediated endocytosis (Zhang et al., 1994; Jorgensen et al., 1995; Poskanzer
et al., 2003; Yao et al., 2012). Specifically, snt-1 mutants accumulate abnormal levels
of cisternae and show synaptic vesicle depletion (Jorgensen et al., 1995). This
reduction in vesicle replenishment correlates with the pronounced reduction in
endogenous mini frequency in C. elegans snt-1 mutants, suggesting that vesicle
depletion compromises endogenous release in addition to evoked release. This
observation contrasts with the increase in mini frequency observed at

Synaptotagmin mutant larval NMJs in Drosophila and in most mouse cultures,
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changes that have been attributed to loss of a fusion clamp normally provided by
Synaptotagmin (Broadie et al., 1994; Littleton et al., 1994; Pang et al., 2006).
Possibly, the fusion clamp effect observed in these systems is masked in adult C.
elegans as a result of a lifetime of vesicle depletion coupled with the worms very
high endogenous release rate at NMJs, that may emphasize the endocytic defect
rather than loss of a fusion clamp. In contrast to snt-1 mutants, C. elegans snpn-1
mutants show no evidence of a vesicle recycling defect, based on similar vesicle
density and number of cisternae to wild-type. This again supports the conclusion of
this study that the impact of Snapin on synaptic transmission in C. elegans appears

to be independent of Synaptotagmin function.
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IV. VPS-39 promotes fusion competent vesicles in C. elegans

Susan M. Klosterman, Szi-Chieh Yu, Anna O Burdina, and Janet Richmond

4.1 Introduction

In neurons, neurotransmitter-filled synaptic vesicles must fuse with the presynaptic
membrane to release their contents onto target cells. Synaptic transmission is
critically dependent on the core SNARE fusion machinery composed of three SNARE
proteins: Synaptobrevin, Syntaxin, and SNAP-25 (Littleton et al., 1998).
Additionally, a number of regulatory proteins interact with the SNAREs in the steps
leading up to membrane fusion, including the priming factors (M)UNC-13, (M)UNC-

18, Complexin, Snapin, and the calcium sensor Synaptotagmin.

In contrast to the permissive roles of many SNARE interacting proteins,
accumulating evidence suggests that the Syntaxin and SNAP-25 binding partner,
Tomosyn, negatively regulates synaptic transmission. Tomosyn, a synaptically
enriched protein lacking a membrane anchor, contains a C-terminal SNARE motif
homologous to that of Synaptobrevin (Fujita et al., 1998; Masuda et al., 1998).
Consequently, Tomosyn can form a non-fusogenic ternary complex with Syntaxin
and SNAP-25 thereby limiting vesicle priming (Hatsuzawa et al., 2003). The
tomosyn SNARE complex has a similar alpha helicity, heat-stability and crystal
structure, to that of the fusogenic SNARE complex formed between Syntaxin, SNAP-
25 and Synaptobrevin, and both complexes are disassembled by N-
ethylmaleidmide-sensitive factor (NSF) (Pobbati et al., 2004). Recent evidence

indicates that the inhibitory function of Tomosyn requires both the C terminal
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SNARE binding domain and the large N terminal region. The specific role of the N
terminus which contains two 14 WD repeats capable of forming two protein
interacting {3 propellers is unknown. In an effort to identify novel interactors of this
domain we preformed a yeast-two hybrid screen in which three independent clones
of VPS-39, a member of the homotypic fusion and vacuole protein sorting (HOPS)

complex were isolated.

The HOPS complex is comprised of six functionally conserved proteins
belonging to the vacuolar protein sorting (Vps) family (Wurmser et al., 2000) first
identified on the basis of yeast mutations exhibiting defective vacuolar
morphologies (Raymond et al., 1992). Vps39 binds to the other members of the
HOPS complex (Vps18, 11, 16, 33 and 41) via an interaction with the C terminus of
Vps11 (Plemel et al.). Importantly, the HOPS complex is known to interact with both
the yeast syntaxin homolog (Vam3) (Sato et al., 2000), as well as mammalian
Syntaxin1A (Kim et al., 2006), implicating the complex in vesicle fusion. Yeast
Vps39 also binds the yeast, Rab-7 homolog, Ypt7 and can promote guanine
nucleotide exchange (Wurmser et al., 2000; Chotard et al., 2010). Functional studies
suggest that through these interactions, the HOPS complex regulates several fusion
events including vacuole docking and SNARE-mediated vacuole fusion in yeast
(Eitzen et al., 2000; Price et al., 2000; Sato et al., 2000; Wurmser et al., 2000).
Similarly, over-expression of the human Vps39 homolog (hVamé) results in
extensive clustering and fusion of lysosomes and late endosomes, which is also
observed with a constitutively active form of Rab7 (Caplan et al,, 2001).

Furthermore, the mammalian HOPS complex members (Vps18 and Vps16)
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are enriched in neurons and their over-expression produces increased
asynchronous synaptic discharges in neuronal cultures, suggesting the HOPS
complex may also regulate synaptic transmission. While the precise role of the
HOPS complex in neurons is unknown, the fact that this complex binds to Syntaxin,
Munc18 and promotes release has given rise to the hypothesis that it may regulate

an inhibitor of vesicle fusion (Kim et al., 2006).

Given this evidence for a neuronal function of the HOPS complex, and our
observation that C. elegans tomosyn (TOM-1) binds the HOPS complex, component
VPS-39, we set out to determine if VPS-39 plays a functional role in synaptic
transmission. To address this question we obtained a putative null mutant of C.

elegans vps-39, and performed a detailed characterization of this strain.

4.2 Materials and Methods

Genetics/Strains

All strains were maintained at 15-20 ‘C on NGM agar plates seeded with OP50
bacteria using standard methods (Brenner, 1974). The genotypes used in this paper
are as follows: Bristol N2, vps-39 (tm2253) loss of function allele which was out-
crossed and balanced with pF25B3.3::GFP due to maternal-effect embryonic
lethality (SY1245) and VPS-39 over-expression lines: Pvps-39::vps-
39::mCherry::unc-54 3'UTR, vps-39 (tm2253) (jaEx1056, SY1455), Prab-3::vps-
39::mCherry::unc-54 3'UTR, vps-39 (tm2253) (jals1096, SY1517) and Prab-3::vps-
39::unc-54 3’UTR, vps-39 (tm2253) (jals1099, SY1540). Both expression lines

contain str-1::GFP as the co-injection marker. The reference strain used for
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coelomocyte analysis was KG1640 (unc-129::CTNS-1a-RFP, unc-129::nlp-21-Venus,
ttx-3::RFP). The stain was then crossed into the balanced loss-of-function allele and
the mCherry over-expression line to generate SY1409 and SY1524, respectively.
EG1985 oxIs34[openSYX, Pmyo-2:GFP];unc-64(js115) was used and then crossed
into a balanced vps-39 mutant background and the mCherry over-expression line to
generate SY1549 and SY1550 respectively. SY1540 was also crossed into unc-13
(e51) to generate SY1557.

Molecular Biology

Molecular biology was performed using standard techniques. All expression
constructs were generated using the MultiSite Gateway Three-Fragment Vector
Construction Kit (Invitrogen) using the High Fidelity Phusion Polymerase
(Finnzymes) for amplification. 1.6kb upstream of VPS-39 was amplified and cloned
into pDONR P4-P1R (Invitrogen) using the primers below (red base pairs indicate
the homologous recombination sites compatible with the gateway vector):
GGGGACAACTTTGTATAGAAAAGTTGCGCTTTCTTCAGCACAGGGTTCTTC and

GGGGACTGCTTTTTTGTACAAACTTGCCATTTTGCTTTGGTGGGTCGAAG

Genomic vps-39 was amplified without the stop codon and cloned into pDONR 221
using:
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGTACGATGCATACACGCCTTGC

and GGGGACCACTTTGTACAAGAAAGCTGGGTCATTTCTGTTTCCTCCTTGAGAATC

After the final recombination into pDEST R4-R3 Vector I], all constructs were

injected at 10ng/ml with STR-1::GFP as a co-injection marker. Stable extra-
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chromosomal transgenic lines were integrated using TMP mutagenesis and then

out-crossed a minimum of four times.

Yeast media, strains and plasmids

Reagents for the screen were based on the Matchmaker Gal4 Two-Hybrid System 3
(Clontech Laboratories, Inc). Media was purchased from Clontech and prepared
according to the manufacturer. Saccharomyces cerevisiae strain used was AH109,
genotype MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4D, gal80D,
LYS2::GAL1-UAS-GAL1TATA-HIS3, GAL2-UAS-GAL2-TATA-ADE2, URA3 : : MEL1-
UAS-MEL1-TATA-lacZ (James et al., 1996) (A. Holtz, unpublished). Plasmid pGBKT7
containing the DNA-binding domain was used as a bait vector; pGADT7 containing
the DNA-activation domain was used as a prey vector for the targeted yeast two-

hybrid assay, and the pGADGH vector was used for cDNA library construction.

C. elegans cDNA library amplification

A C. elegans cDNA library was kindly provided by Dr. Maureen Barr (University of
Wisconsin, Madison). This library was created from a him-5(e1490) population of
worms (50% males) and was directionally cloned into the pGAD-GH vector at the
EcoRI and Xhol sites. The complexity of the library was estimated to be
approximately 7.3x10e’. The library was titered and amplified according to the
Matchmaker Gal4 Two-Hybrid System 3 User Manual (Clontech). Briefly, the titer
was determined to be 4.2x10e° and the library was amplified by plating on 300
LB/Amp plates at a high density to obtain 3x of independent clones in the library

(6x10e°). The cell mass was washed off the 300 LB/Amp plates, and the library DNA
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was Maxi-prepped (Qiagen). Several small and large-scale aliquots were stored at -
80°C.
The N-terminus of C. elegans TOM-1 with 7 predicted WD40 repeats (aa 1-

440) was amplified with the following pair of primers:

AB8F (ATGGATCCACCATGGCAATGGATAGAGCAAAGAAAAAGTTTGCATCAGC) and

AB9R (GTGCGGCCGCTCCCAGGAGTGGTATATTCACAACAGC).

The PCR fragment was gel-purified and cloned into TOPO vector (Invitrogen),
creating plasmid pABS, digested with Notl and Ncol restriction enzymes and cloned
into Notl/Ncol sites of pGBKT7 plasmid, creating pAB9. pGBKT7 plasmid contains a

cMyc tag to test the expression of bait.

Microscopy

Fluorescently labeled strains were mounted on 2% agarose pads with 10% sodium
azide, and imaged using an Olympus Fluoview laser-scanning confocal system (40x
or 60x objective-oil immersion). For immunohistochemistry, worms were dissected
to expose the nerve cord as previously described (Richmond and Jorgensen, 1999)
and fixed with 4% paraformaldehyde in PBS for 30 minutes. Preps were then
washed 3x with TBST for 10 minutes before blocking with 5% BSA for 1 hour.
Primary antibody incubation was performed overnight at a 1:100 dilution, and
secondary antibody incubation was done at a 1:500 dilution for 1 hour the following
day. Images were obtained with the same system described above but using the 60x
water objective. Image] was used to generate maximum-intensity z projections in

both cases. The z projections were also analyzed using Image] by measuring the
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fluorescence intensity for a specific region of interest. The number of discernable

puncta per coelomocyte were counted manually.

Pharmacology

Acute sensitivity to trichlorfon/dylox (Chem Services) was tested by time-course
dependent paralysis. Worms were placed on drug treated plates and examined
every ten minutes. Dylox was used at a final concentration of 5mM on standard
NGM plates seeded with OP50. Ten young adults of each strain were used per test,
which was replicated a minimum of three times. Animals were considered
paralyzed if they did not respond to harsh touch with a platinum wire. All

pharmacological assays were performed blind.

Electrophysiology

Electrophysiological methods were preformed as previously described (Richmond,
2009). In short, animals were immobilized with Histoacryl Blue glue, and incisions
anterior to the vulva were made using a glass needle to expose the ventral medial
body wall muscle. Recordings were made in whole-cell voltage-clamp configuration
with a holding potential of -60mV using an EPC-10 patch-clamp amplifier and
digitized at 1 kHz. The 5mM Ca?* extracellular solution consisted of 150 mM NacCl, 5
mM KCI, 5 mM CaClz, 4 mM MgClz, 10 mM glucose, 5 mM sucrose, and 15 mM HEPES
(pH 7.3, ~340 mOsm), Ca?* was replaced with NaCl in the 0.5mM CaZ?*extracellular
solution. The patch pipette was filled with 120 mM KCl, 20 mM KOH, 4 mM MgCl;, 5
mM (N-tris|Hydroxymethyl] methyl-2-aminoethane-sulfonic acid), 0.25 mM CaCly, 4

mM NaZATP, 36 mM sucrose, and 5 mM EGTA (pH 7.2, ~315 mOsm). Data were
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acquired using Pulse software (HEKA, Southboro, Massachusetts, United States) run
on a Dell computer. Subsequent analysis and graphing was performed using Pulsefit
(HEKA), Mini analysis (Synaptosoft Inc., Decatur, Georgia, United States) and Igor

Pro (Wavemetrics, Lake Oswego, Oregon, United States).

Electron Microscopy

Young-adult hermaphrodites were prepared by high-pressure freeze (HPF) fixation
as previously described (Weimer, 2006). Briefly, 10-15 animals were loaded in a
specimen chamber filled with Escherichia coli and immobilized by high-pressure
freezing at -180°C under high pressure in a Bal-Tec HPM010 machine and stored in
liquid nitrogen.

Freeze substitution was performed in a Reichert AFS machine (Leica,
Oberkochen, Germany) as described previously for morphological analysis, using
tannic acid (0.1%) fixative introduced over 24 hours, followed by 2% osmium oxide
(Os04). Fixed specimens were then embedded in Araldite 502 over 48 h period at
65°C. Serial sections were cut at a thickness of 40 nm, collected on formvar-covered
carbon coated copper grids (EMS, FCF2010-Cu), and counterstained in 2.5%
aqueous uranyl acetate for 4 min, followed by Reynolds lead citrate for 2 min.
Images were obtained on a Jeol JEM-1220 (Tokyo, Japan) transmission electron
microscope operating at 80 kV. Micrographs were collected using Gatan digital
camera (Pleasanton, CA).

Morphometric analysis of ventral nerve cord serial sections were scored

blind. Images were quantified using NIH Image software. A synapse was defined as
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a set of serial sections containing a presynaptic specialization and data from two
flanking sections from both sides without presynaptic specialization were also
included.

Statistical analysis

All data are expressed as mean + SEM. The Mann Whitney U-test was used to

determine significance values. * indicates a p value from 0.01-0.05, **0.001-0.01,

and ***<0.001.

4.3 Results

TOM-1 N-Terminus binds VPS-39

To identify novel binding partners of the TOM-1 N-terminal, we performed a yeast-
two hybrid (Y2H) screen and identified three independent clones mapping to the C
terminal region of vps-39/vamé (Figure 1A). We subsequently verified that the Y2H
interaction was conserved in full-length TOM-1. VPS-39 is highly conserved among
species and contains three known protein domains, a Rab binding domain (RBD), a
clathrin heavy chain repeat (CHCR) and a membrane localization domain (MLD). C.
elegans VPS-39 shares 30% identity and 50% homology to the human homolog,
Vamé6. VPS-39 is a conserved member of the HOPS complex known to mediate
interactions between Rab7 and the SNARE complex (Figure 1B). In order to study
consequences due to loss of VPS-39, a vps-39 (tm2253) mutant strain was obtained
from the CGC. This allele contains a 1045bp deletion and a 4bp insertion spanning

exons 7-9 indicated by the bar (Figure 1C). When homozygous, this mutation
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causes a maternal-effect embryonic lethality phenotype, and was therefore was

balanced with a GFP marker in order to maintain the strain.

VPS-39 is expressed in many tissues and is required in early development

In order to determine the expression pattern of VPS-39 an mCherry tagged full-
length transgene driven by 1.6kb of upstream sequence was generated. A
transgenic line expressing this construct revealed expression of VPS-39 in many
tissues types including neurons, muscles, and coelomocytes (Figure 2A). vps-39

homozygous mutants survived, grew to adulthood, but laid nonviable eggs.
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Figure 1. VPS-39 is a member of the HOPS complex. (A) VPS-39 is well
conserved among species and contains three motifs: a Rab binding domain (RBD),
Clathrin heavy chain repeat domain (CHCR), and a membrane localization domain
(MLD). Three independent Y2H candidates of the VPS-39 C-terminus were
identified using the C. elegans TOM-1 N-terminal as bait. (B) VPS-39 is a member of
the HOPS complex that is activated by RAB-5 and RAB-7 and inhibited by TBC-2. (C)
vps-39 gene structure consisting of 10 exons. The tm2253 allele impacts exons 7-9
and consists of a 1045bp deletion and a 4bp insertion.
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Figure 2. VPS-39 expression and rescue of embryonic lethality. (A) VPS-
39::mCherry driven by 1.6kb of upstream sequence is expressed in many tissues.
Enlarged images of a VPS-39::mCherry labeled neuron, coelomocyte, and body wall
muscle are shown. (B) Expression of an integrated pRab-3::VPS-39::mCherry which
was used for all rescue experiments. (C) Quantification indicating the # of viable
progeny after 4 days, sample size indicated in each bar. A partial rescue of the vps-
39 mutant phenotype is observed by expressing VPS-39 only in neurons.



Expression of VPS-39 in neurons using the pan-neuronal rab-3 promoter (Figure

2B) partially rescues of the embryonic lethality of vps-39 (tm2253) (Figure 2C).

VPS-39 is required for GFP processing in the coelomocytes

TBC-2, an upstream inhibitor of HOPS complex function (Figure 1B) has been
reported to impact endosomal processing in coelomocytes resulting in an
accumulation of abnormally large GFP labeled vesicles (Chotard et al., 2010). VPS-
39 is also expressed in coelomocytes and would be predicted to display the opposite
phenotype to thc-2 mutants. We therefore examined the distribution of neuronally
derived GFP secreted from NLP-21::GFP peptide containing vesicles as depicted in
Figure 3A. As expected coelomocytes in vps-39 mutants exhibited an altered
morphological expression pattern consisting of a significantly increased number of
abnormally small GFP puncta when compared to wild-type (Figures 3B and 3C).
This phenotype was not rescued by expression VPS-39 in neurons, indicating the
requirement for VPS-39 in coelomocytes is independent of neuronal function
(Figures 3B and 3C). The overall GFP fluorescence intensity per coelomocytes has
previously been used as an indirect assay of peptide release. As shown in Figure 3D,
the average GFP fluorescence intensity was not significantly altered in the vps-39
mutants suggesting that peptide release is unaffected. However, given the
coelomocyte processing defects caused by loss of VPS-39, conclusions based on GFP

intensity under these circumstances may be inappropriate.
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Figure 3. VPS-39 is required for coelomocyte processing. (A) Schematic of the
assay in which GFP is secreted from neurons into the pseudocoelom and then
undergoes endocytosis by the coelomocytes. (B) Loss of VPS-39 significantly
increases the number of puncta/coelomoctye, which cannot be rescued by neuronal
expression. (C) Representative images of GFP uptake in coelomocytes. (D) There is
no significant difference in the GFP fluorescence intensity in vps-39 mutants.
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Figure 4. Expression of TOM-1::GFP and VPS-39::mCherry. (A) Representative
images from the dorsal nerve cord (DNC) showing a reduction in TOM-1::GFP
expression in the unc-104 and vps-39 mutant backgrounds. (B) Quantification
indicates a significant reduction in both unc-104 and vps-39 mutants. Number of
measurements is indicated in each bar (3/worm) (C) Representative images from
the DNC of VPS-39::mCherry also showing a reduction in an unc-104 mutant. (D)
Quantificaiton also indicates a significant reduction in VPS-39::mChery expression
in the unc-104 mutant.
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VPS-39 affects TOM-1 expression and both appear to be vesicle-associated

Given the Y2H data linking TOM-1 and VPS-39, we next examined whether this
interaction was required for protein stabilization by crossing an integrated TOM-
1::GFP transgene into the vps-39 mutant background. TOM-1::GFP expression in the
vps-39 mutant background was reduced by approximately 50% (Figure 4A). Efforts
to generate the reciprocal in which an integrated VPS-39::mCherry transgene was
expressed in a tom-1 mutant background resulted in synthetic lethality precluding
analysis. However, the synaptic enrichment of both VPS-39::mCherry and TOM-
1::GFP was shown to require Kinesin (UNC-104)-dependent transport, suggesting
that both proteins associate with transport vesicles (Figure 4). Specifically, we
observe an accumulation of VPS-39 and TOM-1 in the motor neuron cell bodies in
unc-104 mutants, and a corresponding decrease in labeling at distal synapses. In
contrast, TOM-1::GFP fails to accumulate in the cell bodies of vps-39 mutants
(Supplemental Figure 1). Together these results are consistent with a physical
interaction between VPS-39 and TOM-1, although efforts to pull-down VPS-39 using
tagged TOM-1 and vice versa were unsuccessful, possibly reflecting a weak
interaction or consequences of the considerable challenges of performing

biochemistry in C. elegans.

VPS-39 functions in neurons to promote cholinergic synaptic transmission
Given that VPS-39 is expressed in neurons, regulates TOM-1 levels, and has an
essential role in early viability we next assayed synaptic function in intact worms.
The acetylcholinesterase inhibitor, trichlorfon (dylox), can be used as an indirect

measure of acetylcholine release at the NM]J, as time dependent ACh accumulation in
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Figure 5. VPS-39 is involved in ACh release at the NM]. (A) Schematic of the
assay in which the AChEsterase is blocked by dylox. This leads to a buildup of ACh
in the cleft and can be used as a measure of release. (B) A worm initially exposed to
5mM dylox (T=0min) has deep body bends and a worm after 120 minutes of
exposure is completely straight and paralyzed due to ACh accumulation in the
synaptic cleft. (C) Dylox sensitivities showing a resistance in vps-39 mutants which
can be reversed by expressing VPS-39 in neurons. (D) Same as (C) but an
independent VPS-39 expressing line containing an mCherry tag was used. Each
experiment was repeated three times, each time using 10 worms per strain.
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the synaptic cleft leads to hypercontracted body-wall muscles resulting in complete
paralysis (Figures 5A and 5B). Therefore, it will take longer for mutants defective in
ACh release to paralyze. In contrast to the dylox hypersensitivity of tom-1 mutants,
using this assay we observed a dylox resistant phenotype in vps-39 mutants
consistent with reduced ACh release (Figures 5C and 5D). This resistance to dylox
can be reversed by expression of VPS-39 in neurons using two separate integrated
transgenic lines, one containing an mCherry tag (Figures 5C and 5D). The use of two
independent integrated VPS-39 transgenes indicates that the rescue is not due to a
positional effect of the gene insertion and confirms the functionality of the VPS-

39::mCherry construct used in subsequent experiments.

Neuronal architecture and postsynaptic density is unaffected in vps-39 mutants
Dylox resistance in vps-39 mutants could be due to defects in synaptogenesis. To
address this possibility we first examined the expression of the post synaptic
nicotinic receptor ACR-16::GFP. The receptor fluorescence intensity was unaltered
suggesting that synaptogenesis was not impacted (Figures 6A and 6B). Consistent
with this interpretation, cholinergic neuronal architecture was normal as measured
by the integrity and axon targeting of the nerve cord (Figures 6C-E). These results,
in conjunction with neuronal rescue of the vps-39 mutant suggest that VPS-39

functions presynaptically to regulate ACh release.

VPS-39 regulates evoked synaptic transmission
To determine the precise nature of the presynaptic defect in vps-39 mutants, voltage

clamped recordings from body wall muscles of dissected worms in response to
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Figure 6. VPS-39 is not required for synaptic development. (A) Representative
images of ACR-16::GFP staining in a vps-39 mutant background. (B) No significant
difference in expression was observed in the vps-39 mutant. Number of
measurements indicated in each bar (3 measurements/worm) (C) Representative
images of pACR-2::GFP in a vps-39 mutant background. (D-E) No significant
difference in axon fasciculation or axon targeting was observed, sample size (# of
worms examined) indicated in bars.
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nerve stimulation were obtained. The evoked response from the NMJ of vps-39
mutants was significantly reduced as evidenced by a smaller, more rapidly decaying
EPSC leading to a pronounced reduction in total charge integral (Figures 7A-D).
Under normal extracellular calcium recording conditions (5mM), expression of VPS-

39 in neurons restored the evoked response back to wild-type levels (Figures 7A-D).

To determine whether vps-39 mutants impact the calcium sensitivity of
release we examined evoked responses under low calcium conditions (0.5mM)
(Figures 7E-F). In 0.5mM calcium we observed a similar defect in evoked release
leading to a 57% reduction in the charge integral in vps-39 mutants, which was
identical to the reduction observed in 5mM calcium (57%). This defect was again
rescued by neuronal expression of VPS-39. These results indicate that the synaptic

transmission defects are not attributable the calcium dependence of release.

VPS-39 functions to dock/prime synaptic vesicles at the ultra-structural level
Reduced evoked release could result from changes in synaptic vesicle biogenesis.
To examine synaptic ultrastructure, worms were prepared by high-pressure freeze
fixation and cholinergic NM]Js from ultra-thin sections (40nm) were subsequently
imaged. Cholinergic NMJs from vps-39 mutants as well as the rescuing VPS-39
transgenic line displayed wild-type numbers of synaptic vesicles (WT=30.97+/-1.64
vesicles/profile n=66 profiles, vps-39 mutant 27.7+/-0.93 n=54 profiles, VPS-39+
27.9+/-1.01 n=56). This result indicates that changes in vesicle density does not

account for the release defect.
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Figure 7. VPS-39 functions to promote evoked NM] responses. (A)
Representative evoked traces at 5mM calcium. (B) Evoked amplitude, (C) evoked
charge integral and (D) evoked decay at 5mM calcium all display a significant
reduction in vps-39 mutants, which is rescued to wild-type levels upon VPS-39
expression in neurons. (E) Representative evoked traces at 0.5mM calcium. (F)
Evoked amplitude and (G) evoked charge integral are also significantly reduced in
the vps-39 mutant at 0.5 calcium and restored back to wild-type levels upon
expression of VPS-39. (H) There are no significant differences in evoked decay for
any of the strains at 0.5 mM calcium. Sample size indicated in each bar.
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Previous studies have established that the number of morphologically docked
vesicles in the presynaptic terminal correlates with the number of primed, fusion
competent vesicles. To determine whether VPS-39 regulates synaptic vesicle
docking/priming, we examined the docked vesicle number in vps-39 mutants
(Figure 8). When the numbers of docked vesicles are examined, vps-39 mutants
exhibit a significant reduction in synaptic vesicles contacting the presynaptic
membrane (Figure 8B). The docked synaptic vesicle distribution relative to the
presynaptic density (PD) is reduced throughout the terminal in vps-39 mutants
suggesting that vps-39 mutants have fewer primed vesicles. Consistent with this
interpretation, the VPS-39 expression in the mutant background restores the
proximal docked vesicle pool (< 90 nm from the PD) and functionally rescues

release.

vps-39 mutants do not phenocopy tom-1 mutants

In contrast to vps-39 mutants, tom-1 mutants exhibit enhanced release, which has
been attributed to an increase in the docked/primed vesicle pool. Therefore the
vps-39 mutant phenotype does not reflect the 50% decrease of TOM-1::GFP
expression. However, tom-1 heterozygotes exhibit wild-type aldicarb sensitivity
and EJ]Cs, suggesting a 50% decrease in TOM-1 is not deleterious to release. Based
on these data, we hypothesize that VPS-39 regulates additional components of the
release machinery, the obvious candidates being C. elegans homologs of Munc18
(UNC-18) and Syntaxin (UNC-64), both of which are known to bind to the HOPS
complex and exhibit vesicle docking defects by HPF EM in C. elegans (Weimer et al.,

2003; Hammarlund et al.,, 2007).
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Figure 8. VPS-39 is required for vesicle docking/priming. (A) Representative
electron micrographs. (B) Distribution of docked vesicles with respect to the PD
showing vps-39 mutants (purple) have a reduced number. VPS-39 expression
profiles (red) display increased docking near the PD. n=38 profiles for WT, n=42 for
vps-39 mutant, and n=29 for VPS-39+.
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VPS-39/HOPS functions to open UNC-18/Syntaxin dimers

Vesicle priming is dependent on interactions between the SNARE binding domains
of Synatxin, SNAP-25 and Synaptobrevin. Syntaxin adopts a default “closed”
conformation in which the SNARE binding motif is occluded. Efficient trafficking of
“closed” Syntaxin to synaptic terminals is dependent on the chaperone function of
Munc18. The molecular events that trigger the closed to open Syntaxin transition
are unknown. Several lines of evidence implicate VPS-39 and the HOPS complex in
this process: 1) HOPS proteins, Vps16 and Vps18 bind to both Munc18 and Syntaxin.
2) Over-expression of hVPS18 in cultured neurons promotes spontaneous release
(Kim et al., 2006). 3) vps-39/vamé loss of function mutants in yeast, mouse and now
shown in C. elegans, all exhibit vesicle fusion defects (Kramer and Ungermann,
2011). 4) Over-expression of hVamé leads to enhanced lysosomal and endosomal
fusion (Caplan et al,, 2001). Based on this evidence, we hypothesized that VPS-39
regulates C. elegans homologs of Munc18 (UNC-18) and Syntaxin (UNC-64) to

promote vesicle priming.

If VPS-39 is required to open Syntaxin, we predict that constitutively open
Syntaxin should by-pass the requirement for VPS-39. To test this hypothesis we
generated vps-39 mutants expressing a constitutively open form of C. elegans
Syntaxin (UNC-64(LE-AA) (Richmond et al., 2001). Expression of open Syntaxin
enhanced the dylox sensitivity of vps-39 mutants beyond that of wild-type worms,
although not to the same extent observed in open Syntaxin alone suggesting that
open Synatxin partially bypasses the requirement for VPS-39 (Figure 9A).

Consistent with this behavioral data, open Syntaxin rescued the evoked release
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Figure 9. Open Syntaxin partially rescues the dylox resistance of vps-39
mutants. (A) Dylox sensitivities of vps-39 mutant with and without open Syntaxin.
(B) Dylox sensitivities of VPS-39 neuronal expression with and without open
Syntaxin. Each experiment was repeated three times, each time using 10
worms/strain.
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amplitude of vps-39 mutants to wild-type levels (Figures 10A and 10B). The faster
decay kinetics of vps-39 mutants were also restored to wild-type levels, where as
open Syntaxin alone significantly prolonged the evoked response relative to wild-
type. Together these observations suggest that open Syntaxin partially rescues the

vps-39 synaptic phenotype (Figures 10C and 10D).

The enhanced release in the open Syntaxin strain is due to the prolonged
duration of the evoked response, which correlates with an increase in the number of
morphologically docked vesicles distal to the PD (Hammarlund et al., 2007).
Therefore, we hypothesize that the delayed release due to open Syntaxin reflects the
time required for calcium entering at the PD to reach distally primed vesicles plus
the larger diffusion time for released ACh to activate receptors localized at the post-
synaptic density. To test this model, we recorded E]Cs in low calcium, conditions
which should reduce calcium entry, limiting the fusion of vesicles to those closest to
the PD. Consistent with this interpretation, the EJC duration of open Syntaxin
expressing worms in low calcium saline, was no longer increased when compared to
wild-type (Figures 10E and 10H). Furthermore, in low calcium open Syntaxin failed
to rescue vps-39 mutants (Figures 10E-H). These data imply that open Syntaxin
ameliorates the release defect of vps-39 mutants by restoring vesicle

docking/priming in an untargeted fashion.

Our EM (Figure 8) analysis suggests that VPS-39 rescues the docked vesicle

pool proximal to the PD in vps-39 mutants. As expected release at both high and low
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Figure 10. Open Syntaxin partially rescues the vps-39 mutant evoked defect.
(A) Representative evoked NM] traces of vps-39 mutant with and without open
Syntaxin at 5mM calcium. (B) Evoked amplitude, (C) evoked charge integral and
(D) evoked decay defects observed in the vps-39 mutant are all significantly rescued
to wild-type levels at 5mM calcium. (E) Representative evoked NM] traces for the
same strains in 0.5 mM calcium. (F) Evoked amplitude and (G) evoked charge
integral vps-39 mutant defects are not rescued in 0.5mM calcium. (H) None of the
evoked decays are significantly different from each other.
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Figure 11. VPS-39/open Syntaxin co expression enhances release at low
calcium. (A) Representative traces of VPS-39 expression with and without open
Syntaxin at 5mM calcium. (B) Evoked amplidue, (C) evoked charge integral, and (D)
evoked decay are indicative of a prolonged response whenever open Syntaxin is
present at 5 mM calcium. (E) Representative traces of VPS-39 expression with and
without open Syntaxin at 0.5mM calcium. (F) Evoked amplitude, (G) evoked charge
integral, and (H) evoked decay at 0.5mM calcium. VPS-39+ can significantly
enhance the evoked amplitude of open Syntaxin at 0.5mM calcium (F).
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calcium levels were also restored in these worms (Figures 7 and 10). Furthermore
VPS-39 compensated for the open Syntaxin release defects observed in low calcium
(Figures 11E-H), consistent with the hypothesis that VPS-39 promotes fusion

competent vesicles proximal to the PD.

The PD localized priming factor, UNC-13 interacts with the N-terminus of
open Syntaxin and is thought to promote SNARE complex assembly by binding to
Syntaxin after it has transitioned to the open state. Consistent with this model,
previous studies have shown that priming defective unc-13 mutants are partially
rescued by expression of open Syntaxin (Richmond et al., 2001). If VPS-39 functions
upstream of UNC-13 to trigger the opening of Syntaxin, as our data imply, we predict
that VPS-39 overexpression will not rescue unc-13 mutants. Consistent with this
model, VPS-39 overexpression failed to rescue the evoked synaptic response of unc-

13 mutants (Figures 12A and 12B).
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Figure 12. Expression of VPS-39 in neurons does not rescue unc-13 mutants.
(A) Representative traces of unc-13 mutant with and without VPS-39 expression.
(B) Evoked amplitudes of the unc-13 mutant alone and in the unc-13 mutant
expressing VPS-39 are significantly reduced when compared to wild-type. Sample
size indicated in each bar.
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Figure 13. Model of VPS-39 function. VPS-39, likely in conjunction with the HOPS
complex, functions to convert the UNC-18/Syntaxin dimer from the closed
conformation to the open state. Once this opening has occurred, it can then be
stabilized by UNC-13, which is enriched at the presynaptic density.
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Supplementary Figure 1. TOM-1::GFP accumulates in cell bodies of unc-104
but not vps-39 mutants. A) Representative images of TOM-1::GFP along the
ventral nerve cord in the unc-104 and vps-39 mutant background. B) Background
subtracted quantification of cell body fluorescence intensity showing a significant
increase in unc-104 mutants and a significant decrease in vps-39 mutants. Number
of measurements is indicated in each bar, 3 measurements/worm.
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4.4 Discussion

VPS-39 was identified as a potential TOM-1 binding partner in a yeast two-hybrid
assay. Both TOM-1 and VPS-39 have been linked to the regulation of SNARE
complexes and vesicle fusion. However, the synaptic consequences of genetically
ablating vps-39 have never been examined. Therefore, we performed a detailed
characterization of VPS-39 function in the genetic model organism C. elegans.
Analysis of a putative vps-39 mutant revealed a defect in synaptic transmission
based on pharmacological and electrophysiological data, which correlated with a

decrease in the docked SV pool.

The phenotypes associated with loss of VPS-39 include a reduction in
homotypic fusion of vesicles within ceolomocytes, neuronal-dependent embryonic
lethality and cholinergic release defects. Consistent with this result, C. elegans
mutants lacking TBC-2, a GAP known to indirectly regulate VPS-39 through
inactivation of two sequential RAB proteins (RAB-5 and RAB-7, Figure 1B), exhibit
enhanced fusion. Consequently, thc-2 mutants have abnormally large ceolomocyte
vesicles, due to increased homotypic fusion and also exhibit large intestinal
endosomes (Chotard et al., 2010). Furthermore, rab-5(RNAi), the rab-7(ok511)
deletion mutant, vps-39(RNAI), and vps-41(RNAI) all strongly suppress the enlarged
endosomal vesicle phenotype observed in thc-2(tm2241) mutant intestines (Chotard
et al.,, 2010). All of these observations support the notion that TBC-2 inhibits fusion
while RAB-5, RAB-7, and the HOPS complex components VPS-39, and VPS-41

promote fusion in C. elegans.
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Although the present data implicate VPS-39 in synaptic transmission, it is
unclear whether VPS-39 function requires the other HOPS complex members.
However, C. elegans mutants impacting the HOPS complex components, VPS-16 and
VPS-33, exhibit the same maternal embryonic lethality as that observed in vps-39
mutants, indicating there is a conserved phenotype. To fully substantiate that these
HOPS complex members also regulate synaptic transmission will require a detailed
characterization of balanced versions of the loss-of-function mutants, which is

beyond the scope of the present study.

These data support a generalized fusion role for the VPS-39-dependent
pathway, in multiple tissues, consistent with its ubiquitous expression pattern in C.
elegans. Furthermore, this function appears to be highly conserved based on the
following observations from other organisms. In yeast, deletion of Vps-39 results in
a cytoplasmic accumulation of vesicles which fail to fuse with the vacuole (Raymond
et al.,, 1992). Zebrafish that lack the Vps39 homolog (Ibk) display an enhancement in
the number of vesicles in their retinal pigment epithelium, indicative of a fusion
defect of endocytic vesicles (Schonthaler et al., 2008). In contrast, when the human
homolog, Vamé6p, is over-expressed it induces abnormal clustering and fusion of
lysosomes. This latter observation suggests that hVamé6p may function as a

tethering/docking factor (Caplan et al., 2001).

Although we cannot discriminate between direct actions of VPS-39 on
synaptic function versus indirect actions through endosomal or lysosomal sorting,

based on our analysis of C. elegans VPS-39 we propose the following mechanism of
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action. VPS-39, likely in conjunction with the HOPS complex, promotes a Syntaxin
conformational change that is then stabilized by UNC-13, allowing SNARE complex
formation to proceed (Figure 13). This model is based on the following
experimental evidence. We have ruled out developmental changes or altered
calcium sensitivity as the underlying causes of the presynaptic defect in vps-39
mutants. Our ultrastructural data instead place VPS-39 function in the
docking/priming process of the synaptic vesicle cycle, a stage that is dependent on
the Syntaxin binding protein, UNC-13. Evidence suggests that UNC-13 is required to
maintain Syntaxin in an open configuration compatible with SNARE complex
formation at the PD, where UNC-13 is enriched (Betz et al., 1997; Dulubova et al.,
1999; Richmond et al., 2001). The fact that constitutively open Syntaxin rescues
both unc-13 and vps-39 mutants places both proteins at this stage of the pathway.
However, VPS-39 overexpression fails to rescue unc-13 mutants suggesting the
HOPS complex acts upstream of UNC-13. Based on these data and previous
biochemical evidence (Kim et al., 2006), we propose that VPS-39 promotes the
transition of UNC-18/closed syntaxin to the open synatxin configuration, that can

then be stabilized by UNC-13.

This study was initially based on yeast-2 hybrid data suggesting VPS-39 is a
putative TOM-1 binding partner, an observation supported by the reduction in
TOM-1::GFP seen in vps-39 mutants. Given that TOM-1 is a negative regulator of
vesicle priming, the observation that vps-39 mutants have less neurotransmitter
release was initially counterintuitive, as tom-1 loss-of-function mutants have

enhanced release. However, our subsequent analyses clearly support a role for VPS-
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39 at a stage of vesicle priming that is upstream of TOM-1 function. What then is the
reason for the reduced TOM-1::GFP expression in vps-39 mutants? One possibility is
that the VPS-39 interaction is required for the kinesin-dependent transport of TOM-
1 to the synapse, given that we have shown both proteins are retained in the cell
soma in an unc-104 (Kinesin) mutant. However, in vps-39 mutants we do not
observe an accumulation of TOM-1::GFP in the cell bodies, suggesting that TOM-1
levels are globally reduced in the absence of VPS-39. An alternative explanation for
the reduction in TOM-1::GFP expression is that in vps-39 mutants the TOM-1 binding
domain of Syntaxin is occluded, preventing the membrane association of TOM-1.
Under these conditions TOM-1 may be degraded through the proteasome complex,

which is known to regulate tomosyn levels (Williams et al., 2011).
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