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Abstract 54 

Munc18-1/UNC-18 is believed to prime SNARE-mediated membrane fusion, yet the underlying 55 

mechanisms remain enigmatic. Here, we examined how potential gain-of-function mutations of 56 

Munc18-1/UNC-18 affect locomotory behavior and synaptic transmission, and how Munc18-1-57 

mediated priming is related to Munc13-1/UNC-13 and Tomosyn/TOM-1, positive and negative 58 

SNARE regulators, respectively. We show that a Munc18-1(P335A)/UNC-18(P334A) mutation leads 59 

to significantly increased locomotory activity and acetylcholine release in C. elegans, as well as 60 

enhanced synaptic neurotransmission in cultured mammalian neurons. Importantly, similar to tom-1 61 

null mutants, unc-18(P334A) mutants partially bypass the requirement of UNC-13. Moreover, unc-62 

18(P334A) and tom-1 null mutations confer a strong synergy in suppressing the phenotypes of unc-13 63 

mutants. Through biochemical experiments, we demonstrate that Munc18-1(P335A) exhibits enhanced 64 

activity in SNARE complex formation as well as in binding to the preformed SNARE complex, and 65 

partially bypasses the Munc13-1 requirement in liposome fusion assays. Our results indicate that 66 

Munc18-1/UNC-18 primes vesicle fusion downstream of Munc13-1/UNC-13 by templating SNARE 67 

complex assembly, and acts antagonistically with Tomosyn/TOM-1.  68 

 69 

Significance Statement 70 

At presynaptic sites, SNARE-mediated membrane fusion is tightly regulated by several key proteins 71 

including Munc18/UNC-18, Munc13/UNC-13 and Tomosyn/TOM-1. However, how these proteins 72 

interact with each other to achieve the precise regulation of neurotransmitter release remains largely 73 

unclear. Using C. elegans as an in vivo model, we found that a gain-of-function mutant of UNC-18 74 

increases locomotory activity and synaptic acetylcholine release, that it partially bypasses the 75 

requirement of UNC-13 for release, and that this bypass is synergistically augmented by the lack of 76 

TOM-1. We also elucidated the biochemical basis for the gain-of-function caused by this mutation. 77 
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Thus, our study provides novel mechanistic insights into how Munc18/UNC-18 primes synaptic vesicle 78 

release and how this protein interacts functionally with Munc13/UNC-13 and Tomosyn/TOM-1. 79 

 80 

Introduction 81 

At synapses, electrical activity in the presynaptic neuron triggers rapid release of neurotransmitters in a 82 

Ca2+-dependent manner. The neuronal SNARE complex, consisting of syntaxin-1, SNAP-25, and 83 

synaptobrevin/VAMP-2, plays a central role in mediating neurotransmitter release through membrane 84 

fusion (exocytosis) (Söllner et al., 1993). This process is regulated by key proteins such as Munc18-1 85 

(Hata et al., 1993; Verhage et al., 2000), Munc13 (Brose et al., 1995; Augustin et al., 1999), and 86 

Tomosyn (Fujita et al., 1998; McEwen et al., 2006). However, the precise regulatory mechanisms of 87 

exocytosis remain largely unclear.  88 

Munc18-1, which belongs to the Sec1p/Munc18 (SM) family proteins, plays a critical role in 89 

synaptic exocytosis across species (Hosono et al., 1992; Harrison et al., 1994; Verhage et al., 2000; 90 

Voets et al., 2001; Weimer et al., 2003). Two main roles of Munc18-1 have been proposed to explain 91 

its essential function: chaperoning/trafficking of syntaxin-1 (Rowe et al., 1999; Arunachalam et al., 92 

2008; McEwen and Kaplan, 2008) and activation of SNARE-mediated fusion (“priming”) (Südhof and 93 

Rothman, 2009). While the former role is primarily mediated by an interaction between Munc18-1 and 94 

“closed” syntaxin-1 (Han et al., 2009; Han et al., 2011; Han et al., 2014), the latter requires binding of 95 

Munc18-1 to the SNARE complex (Dulubova et al., 2007; Shen et al., 2007; Han et al., 2013). These 96 

two binding modes may not be mutually exclusive since SNARE complex assembly can start from the 97 

“closed” syntaxin-1-Munc18-1 complex, proceeding with the help of Munc13 in an NSF-SNAP-98 

resistant manner (Ma et al., 2013).  99 

Several lines of evidence suggest that domain-3a of Munc18-1 plays a critical role in the transition 100 

between the two modes. Biochemical studies illustrated a direct interaction between the domain-3a and 101 

synaptobrevin, such that Munc18-1 can interact with the SNARE complex via this domain (Xu et al., 102 
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2010; Parisotto et al., 2014). In addition, the yeast SM protein Vps33 binds to the yeast homologues of 103 

synaptobrevin and syntaxin-1 at nearby sites involving domain-3a, suggesting that Vps33 and SM 104 

proteins generally act as templates to assemble SNARE complex (Baker et al., 2015). Indeed, Munc18-105 

1 domain-3a mutants lose the ability to support exocytosis, despite retaining the ability to support 106 

syntaxin-1 chaperoning and docking of vesicles, indicating a post-docking or priming function for this 107 

domain (Han et al., 2013; Martin et al., 2013). Furthermore, a structural study revealed that a helical 108 

hairpin in domain-3a can adopt either bent or extended conformations, with the highly conserved 109 

Pro335 residue at the hinge point of these two conformations (Hu et al., 2011). Thus, these two 110 

conformations of domain-3a may allow Munc18-1 to transition from binding syntaxin-1 to the SNARE 111 

complex. This hypothesis has been supported by the finding that the P335A mutant, which was 112 

predicted to adopt the extended conformation, showed an increased activity in liposome fusion 113 

(Parisotto et al., 2014), as well as in dense-core vesicle secretion in both PC12 (Han et al., 2014) and 114 

chromaffin cells (Munch et al., 2016). This model and the notion that SM proteins function as a 115 

template for SNARE complex assembly have been further supported by recent studies with additional 116 

Munc18-1 domain-3a mutants (Sitarska et al., 2017).  117 

However, many questions remain unanswered regarding the priming function of Munc18-1, 118 

including the effects of the P335A mutation. Specifically, (i) Does the P335A mutation affect in vivo 119 

SNARE-mediated synaptic vesicle release and the behavior of animals? (ii) How is the priming 120 

function of Munc18-1/UNC-18 related to two other key regulators of SNARE proteins, Munc13-121 

1/UNC-13 and Tomosyn? (iii) What is the biochemical basis of the gain-of-function effects of P335A 122 

on exocytosis? To address these, we examined the physiological function of mutant Munc18-1 (P335A) 123 

and the corresponding UNC-18 mutant (P334A) with respect to behavior and synaptic acetylcholine 124 

release using C. elegans. We further investigated genetic interactions among unc-18, unc-13 and tom-1 125 

mutants. Finally, we examined the interactive properties of the mutant Munc18-1 protein with the 126 

SNAREs to explain the biochemical aspects underlying such gain-of-function effects.  127 
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 128 

Materials and Methods 129 

Maintenance and generation of C. elegans strains 130 

All the strains used in the present study originated from the Bristol N2. They were maintained at 22ºC 131 

on Nematode Growth Medium (NGM) plates seeded with OP50, a strain of E. coli. Non-integrated 132 

transgenic lines were generated by injection of constructs into gonads. pMunc18-1 and punc-18 (kind 133 

gifts from Dr. Hitoshi Kitayama, Kyoto University) described in the study of Gengyo-Ando et al. (1996) 134 

were used as templates to generate the rescue constructs that express Munc18-1 and UNC-18 variants. 135 

These plasmids contained ~3 kb of unc-18 promoter, ~1.8 kb cDNA of Munc18-1 or UNC-18 variant, 136 

and ~ 1 kb of 3’ poly(A) signal of the unc-18 gene (Gengyo-Ando et al., 1996). A mixture of each 137 

Munc18-1 or UNC-18 expression plasmid and a co-injection maker (Pmyo3::RFP::unc-54) was 138 

prepared such that the final concentration of each DNA was ~ 50 ng/ul, and injected into the gonads of 139 

young adult worms of the CB81 strain. Three to 4 days after the injection, the F1 generation was 140 

screened for red fluorescence, and only RFP-positive F1 worms were singled out. Integration of 141 

transgenes into the genome was achieved using a UV cross-linker (GS Gene-Linker, Biorad, Hercules, 142 

CA). All new strains and transgenes are listed in the Table 1.   143 

 144 

Behavioral analysis 145 

The motility of C. elegans was evaluated by counting the number of thrashings per min in liquid 146 

medium. One-day old adult worms free of OP50 bacteria were first transferred to a non-seeded plate 147 

containing 1ml of M9 buffer. After a 2-min adjustment period was given to worms in M9 buffer, they 148 

were video-recorded for 1 min. A single trashing was defined as a bending at the mid body, with both 149 

head and tail pointing to the opposite direction of mid body movement. 150 

For analysis of locomotion speed, one-day old adult C. elegans was transferred to a fresh OP50 151 

NGM plate and allowed to recover for 2 mins. Their movement was recorded for 10 mins using an 152 
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OMAX A3580U camera and the OMAX ToupView program. In the beginning of each recording, a 153 

ruler was imaged so that calibration could be performed later during analysis. Video recordings were 154 

analyzed using the wrMTrck plug-in in ImageJ. Speed was calculated by dividing the distance traveled 155 

over the time tracked by the software.  156 

 157 

Aldicarb assays 158 

The sensitivity of C. elegans to aldicarb was tested by examining one-day old adult worms on non-159 

seeded NGM plates containing 1mM of aldicarb. During the assays, animals were assessed for 160 

paralysis at multiple time points. They were considered paralyzed if their tail did not move after the 161 

head was tapped three times.  162 

 163 

Western blot analysis of C. elegans worms expressing mammalian Munc18-1 proteins 164 

Protein extract was prepared as described in (Weimer et al., 2003). Briefly, we plated ~50 RFP (co-165 

injected marker protein) positive unc-18(e81) mutants expressing Munc18-1 proteins on 3.5 cm 166 

nematode growth medium (NGM) plates and cultured them while manually removing RFP negative 167 

offspring worms. As controls, we also cultured unc-18 (e81). When the plates were full of worms with 168 

little OP50 left, worms were harvested and washed three times with a buffer containing 360 mM 169 

sucrose, 12 mM HEPES, and a protease inhibitor cocktail (1 μg/ml pepstatin A, 1 μg/ml leupeptin, 1 170 

μg/ml aprotinin, 0.1 mM PMSF). These worms were resuspended in ~5 times volume of the buffer and 171 

frozen at -80°C until use. The defrosted worms were sonicated on ice ten times with a 5 second burst. 172 

The resulting lysate was centrifuged for 15 minutes to pellet the cuticle, nuclei, and other debris. After 173 

centrifugation, the supernatant (final protein concentrations were ~ 3 - 5 mg/ml) was transferred to a 174 

clean microcentrifuge tube with an equal volume of sample buffer 2X. 50 μg of samples were subjected 175 

to SDS-PAGE electrophoresis followed by immunoblotting. The expression of transgenic Munc18-1 176 

was detected by anti-Munc18-1 monoclonal antibody (1:1000) from BD Biosciences (San Jose, CA).  177 
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 178 

CRISPR-mediated genome editing  179 

First, a two-step PCR was performed in order to generate a DNA product encoding single guide-RNA 180 

(sgRNA) that would target a site within the unc-18 genomic region. Second, a repair vector was 181 

constructed that contained a dual-marker selection cassette (GFP and neomycin-resistant gene (Norris 182 

et al., 2015)) flanked by left and right homology arms of unc-18. Upstream (left arm) and downstream 183 

(right arm) sequences of CRISPR-target site were amplified by PCR using pCFJ676, which contains 184 

the genomic sequence of the unc-18 gene (purchased from Addgene). Left arm PCR product was 185 

digested with EcoRI and XhoI while the right arm PCR product was digested with NotI and SacII. Each 186 

of the digested products was ligated into pBluescript, followed by sequencing of the ligated products. 187 

To generate a knock-in mutant allele, site-directed mutagenesis was conducted on pBluescript 188 

containing the right arm; the PAM site was also mutated so that the repair template would be refractory 189 

to the action of Cas9. The mutagenesis product was verified by sequencing. The dual-marker selection 190 

cassette digested with SpeI and NotI was ligated into pBluescript containing the left arm. In the 191 

meantime, the right arm harboring the mutation of interest was digested with NotI and SacII and then 192 

ligated into the vector containing the left arm and the dual-marker selection cassette. Third, multiple 193 

plasmids were injected into N2 animals: a vector encoding Cas9, the repair vector, the DNA product of 194 

sgRNA, and several injection markers (Pmyo-3-mCherry, and Prab-3-mCherry). Fourth, screening for 195 

knock-in animals began by applying neomycin to the progeny of the injected animals. Then, animals 196 

that were neomycin-resistant, GFP-positive, and mCherry-negative were selected as knock-in 197 

candidates and genotyped for verification.  198 

 199 

Measurement of body length, area, and brood size 200 

After taking images of one-day-old worms on bacterial lawn, they were analyzed using ImageJ. First, 201 

the background of images was subtracted, followed by adjustment of the threshold. This adjustment 202 
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converted images to black and white binary ones, which were further skeletonized. Skeletonized worms 203 

were selected and measured for their perimeter, which was divided by 2 to calculate the length. For 204 

area measurement, worms were selected in binary images and analyzed for the area.  205 

To determine the brood size, L4 worms of each line were singled out. For 3 to 4 consecutive days, they 206 

were transferred to new plates, and the number of their progeny that they produced was counted. 207 

 208 

Electrophysiological recordings from the neuromuscular junction in C. elegans  209 

The dissection of the C. elegans was described previously (Richmond and Jorgensen, 1999; Gao and 210 

Zhen, 2011). Briefly, one-two days old hermaphrodite adults were glued to a sylgard-coated cover 211 

glass covered with bath solution. Animals were immobilized on Sylgard® 184 Silicone Elastomer (Dow 212 

Corning)-coated glass coverslips using tissue adhesive glue (Histoacryl® Blue, Braun, Germany). The 213 

curved dorsal side of the animal was dissected using sharpened tungsten or glass needle. After clearing 214 

the viscera by suction through a glass pipette, the cuticle flap was turned and gently glued down using 215 

WORMGLU (GluStitch Inc., Canada) to expose neuromuscular system. The muscle cells were patched 216 

using fire-polished 4−6 MΩ resistant borosilicate pipettes (World Precision Instruments, Sarasota, FL, 217 

USA). Membrane currents were recorded in the whole-cell configuration by EPC-9 Patch-Clamp 218 

Amplifier (HEKA Elektronik, Germany). Data were digitized at 10 kHz and filtered at 2.6 kHz. 219 

The recording solutions were as described in our previous studies (Richmond and Jorgensen, 1999). 220 

Specifically, the pipette solution contains (in mM): K-gluconate 115; KCl 25; CaCl2 0.1; MgCl2 5; 221 

BAPTA 1; HEPES 10; Na2ATP 5; Na2GTP 0.5; cAMP 0.5; cGMP 0.5, pH7.2 with KOH, ~320 mOsm. 222 

The bath solution consists of (in mM): NaCl 150; KCl 5; CaCl2 5; MgCl2 1; glucose 10; sucrose 5; 223 

HEPES 15, pH7.3 with NaOH, ~330 mOsm. Leak currents were not subtracted. All chemicals were 224 

from Sigma-Aldrich (St. Louis, MO, USA). Experiments were performed at room temperatures 225 

(20−22℃). Subsequent analysis and graphing were performed using Excel (Microsoft, Seattle, WA), 226 

Igor Pro (Wavemetrics, Lake Oswego, OR) and Clampfit (Molecular Devices, Sunnyvale, CA). In this 227 
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experiment, N refers to the number of recordings (one cell per animal). All data are presented as mean 228 

± SEM. 229 

 230 

Lipid and content mixing assays 231 

The assays were carried out as described (Liu et al., 2016). Briefly, V-liposomes with reconstituted rat 232 

synaptobrevin-2 (protein-to-lipid ratio 1:500) contained 39% POPC, 19% DOPS, 19% POPE, 20% 233 

Cholesterol, 1.5% NBD PE, and 1.5% Marine Blue PE. T-liposomes with reconstituted rat syntaxin-1A 234 

and rat SNAP-25A (protein-to-lipid ratio 1:800) contained 38% POPC, 18% DOPS, 20% POPE, 20% 235 

Cholesterol, 2% PIP2 and 2% DAG. The liposomes were prepared in 25 mM HEPES, pH7.4, 150 mM 236 

KCl, 0.5 mM TCEP, 10% glycerol (v/v). V-liposomes (0.125 mM lipids) were mixed with T-liposomes 237 

(0.25 mM lipids) in a total volume of 200 l in the presence of 2.5 mM MgCl2, 2 mM ATP, 0.1 mM 238 

EGTA, 5 M Streptavidin, 0.8 M Cricetulus griseus NSF V155M mutant, 2 M Bos taurus αSNAP, 239 

1 M rat Munc18-1 (wild type or P335A mutant), 1 M rat synaptotagmin-1 C2AB (residues 131-421), 240 

1 M excess SNAP-25 with or without 0.5 M rat Munc13-1 C1C2BMUNC2C (residues 529-1735, 241 

with residues 1408-1452 replaced by EF). Before mixing, T-liposomes were incubated with NSF, 242 

MgCl2, ATP, EGTA, Streptavidin, NSF, αSNAP and Munc18-1 at 37°C for 25 min. Ca2Cl at final 243 

concentration of 0.6 mM was added after 300 s of the start of the reaction. A PTI Spectrofluorometer 244 

(Edison, NJ) was used to measure lipid mixing from de-quenching of the fluorescence of Marina Blue-245 

labeled lipids (excitation at 370 nm; emission at 465 nm) and content mixing from the development of 246 

FRET between PhycoE-Biotin trapped in the T-liposomes and Cy5-Streptavidin trapped in the V-247 

liposomes (PhycoE-biotin excitation at 565 nm; Cy5-streptavidin emission at 670 nm). All experiments 248 

were performed at 30°C. At the end of each reaction, 1% w/v -OG was added to solubilize the 249 

liposomes, and all the lipid mixing data were normalized to the maximum fluorescence signal achieved 250 
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after addition of -OG. Control experiments without streptavidin were performed to measure the 251 

maximum Cy5 fluorescence attainable upon detergent addition. 252 

 253 

Purification of recombinant proteins for binding experiments 254 

The expression plasmids used were previously described (Han et al., 2013). Several colonies of 255 

transformed bacteria were grown in a small volume of LB-ampicillin medium at 37°C overnight. Next 256 

day, these bacteria were further grown in a larger volume at 37°C for 3 hrs. Expression of recombinant 257 

proteins was induced by adding 125 μM isopropylthio-β-D-galactoside (IPTG) at 15°C overnight. On 258 

the next day, this culture was centrifuged at 3000 rpm for 10 min at 4°C using a JA-14 rotor (Beckman, 259 

Pasadena, CA). The pellet expressing GST-syntaxin-1A or strep-SNAP-25 was resuspended in PBS 260 

containing 1 mM PMSF and 1 mM EDTA. The pellet expressing His-tagged proteins was resuspended 261 

in a lysis buffer containing 20 mM Tris-HCl, 300 mM NaCl, 0.4% NP-40, 10 mM imidazole, 10% 262 

glycerol, 10 mM 2-mercaptoethanol, 1 mM PMSF, and 20 ng/ml DNase. Bacterial cell lysis was 263 

performed by applying a cell pressure of 1000 psi for 30 s three times using French pressure cell press 264 

(Thermo Scientific, Waltham, MA). The lysate was then centrifuged at 15,000 rpm for 30 min at 4°C 265 

using a JA-21 rotor. The lysed product containing GST-syntaxin-1A was mixed with glutathione 266 

agarose beads (Pierce Biotechnology, Rockford, IL), the lysate containing strep-SNAP-25 with strep-267 

tactin sepharose (IBA, GmbH, Germany), and the lysates containing His-tagged Munc18-1 proteins 268 

and His-tagged synaptobrevin with HisPur Ni-NTA resin (Thermo Scientific). The lysates were mixed 269 

with the beads on a rotator at 4 ̊C for 2 hrs. Subsequent washing with GST or strep tagged proteins was 270 

performed with PBS containing 1 mM PMSF and 1 mM EDTA. Washing for the His tagged proteins 271 

was performed first by high-salt buffer (20 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, 10 mM 2-272 

mercaptoethanol, 10% glycerol) followed by mid-salt buffer (same contents as high-salt buffer but with 273 

300 mM NaCl). To achieve tag-free syntaxin-1A, the GST moiety was removed from GST-syntaxin-274 

1A recombinant proteins by thrombin cleavage for 2-4 hrs at room temperature. After centrifugation, 275 
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the cleaved proteins were eluted in PBS containing PMSF. His-tagged recombinant Munc18 and 276 

synaptobrevin proteins immobilized on HisPur Ni-NTA resin were eluted in elution buffer (20 mM 277 

Tris-HCl, 150 mM NaCl, 250 mM imidazole, 10 mM 2-mercaptoethanol, 10% glycerol). SNAP-25 278 

immobilized on strep-tactin sepharose was also eluted in an elution buffer containing desthiobiotin. 279 

 280 

Pulldown assays for analyzing SNARE assembly and interaction of SNARE complex with 281 

Munc18-1 282 

To examine SNARE assembly, GST-syntaxin-1A was incubated with His-tagged wild-type or mutant 283 

Munc18-1 in PBS containing EDTA, PMSF, and 0.1% Triton X-100 for 30 mins. Then, eluted His-284 

tagged synaptobrevin and strep-SNAP-25 were added and mixed with the incubated products for 1 hr. 285 

After extensive washing with a PBS solution containing PMSF, EDTA, and 0.1% Triton X-100, 286 

sample buffer was added to the mixed products, which was followed by SDS-PAGE and Coomassie 287 

Blue staining.  288 

To examine the interaction of Munc18-1 with preformed SNARE complex, cleaved recombinant 289 

syntaxin-1A (1-264), eluted His-tagged synaptobrevin (1-94), and SNAP-25 immobilized on strep-290 

tactin sepharose were incubated in a PBS solution containing PMSF and EDTA at room temperature 291 

overnight. On the next day, the SNARE complex immobilized on strep-tactin sepharose was pelleted 292 

by centrifugation. After resuspending the pellet in a PBS solution containing PMSF, EDTA, and 0.1% 293 

Triton X-100, it was divided into three groups; one group was incubated with His-tagged wild-type 294 

Munc18-1, another with His-tagged mutant Munc18-1, and the other without any Munc18-1 proteins 295 

for 2-4 hrs at room temperature. The Munc18-1-SNARE complex immobilized on the sepharose was 296 

washed multiple times with a PBS solution containing PMSF, EDTA, and 0.1% Triton X-100. After 297 

pelleting the Munc18-1-SNARE complex by centrifugation, sample buffer was added to the pellet, 298 

which was then run on SDS-PAGE and stained with Coomassie Blue.  299 

 300 
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In vitro primary neuron preparation and electrophysiology using WT CD1 mice 301 

Embryonic cortical cultures were prepared from CD1 mice of both sexes at E16. Cortices were digested 302 

with 0.025 % trypsin/EDTA at 37 °C for 15 min. Cell density was determined using an Improved 303 

Neubauer hemocytometer, and 1.0× 104 cells were plated on poly-D-lysine coated glass coverslips 304 

(Sigma; 12 mm no. 1 German Glass, Bellco cat. no. 1943-10012). The cells were kept in 5 % CO2 at 305 

37°C in serum-free culture medium (Neurobasal medium supplemented with 1.8 % B-27 (Invitrogen, 306 

Carlsbad, CA), 0.25 % Glutamax, and 1 % penicillin-streptomycin). Cells were infected on DIV1 (4 307 

hours after plating), and exposed to the lentiviral vectors (either GFP; Munc18-1-wt-GFP; or Munc18-308 

1-P335A-GFP) for 3 hours after which the medium was replaced. To assess infection efficiency, cells 309 

at DIV16 were fixed with 4% paraformaldehyde for 15 minutes and mounted on slides with ProLong 310 

Gold antifade reagent (P36930, Thermo Fisher Scientific, Ottawa, ON, Canada). Cells were imaged 311 

with a Zeiss LSM 700 confocal laser scanning microscope (Zeiss, Germany) using 40X oil lens to 312 

examine GFP expression. To record spontaneous postsynaptic currents (PSP), slides with non-fixed 313 

cells (DIV16) were transferred to a submerged recording chamber at room temperature and perfused 314 

with bath (extracellular) solution, which contained (in mM): NaCl 140; KCl 5; CaCl2 2; MgCl2 1; 315 

HEPES 20; glucose 10; pH 7.4 and osmolarity ~300 mOsm (adjusted with NaOH and sucrose, 316 

respectively). To assess the presynaptic effects of Munc18-1 expression, all recordings were obtained 317 

from the corresponding GFP-negative neurons in each group. Cells were visualized on an Olympus 318 

CKX41 inverted fluorescence microscope (Olympus Life Science). Pipette resistance was between 3–6 319 

MΩ after filling with pipette (intracellular) solution, which contained (in mM): CsMSF 145; MgCl2 1, 320 

HEPES 10; EGTA 10; MgATP 5, pH adjusted to 7.2 with CsOH (Yan et al., 2013). Patch-clamp gap 321 

free recording was done in the whole-cell configuration using an Axopatch 700B (Axon Instruments, 322 

Inc) with the pClamp 9.2 software (Molecular Devices) at 2 kHz (digitized at 5 kHz). Analyses were 323 

done with Mini Analysis Program (Synaptosoft, Fort Lee, NJ) and Clampfit 9.2 (Molecular Devices).  324 

 325 
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Generation of Munc18-1 floxed mice 326 

Two targeted ES cell lines (D12, H11), which are derived from C57BL/6N mice, of 327 

Stxbp1tm1a(EUCOMM)Hmgu were obtained from The European Conditional Mouse Mutagenesis 328 

(EUCOMM, Germany) Program. D12 ES cells generated chimeric mice which exhibited germline 329 

transmission. Munc18-1 floxed mice were generated at the Toronto Center for Phamacogenetics using 330 

a standard protocol.  331 

 332 

Patch-clamp recordings from cultured hippocampal neurons from Munc18-1 floxed mice 333 

Hippocampi were dissected out from P0-P1 Munc18-1 floxed mice of both sexes. Neurons were 334 

prepared and cultured as previously described (Kavalali et al., 1999) with a little modification. Briefly, 335 

neurons were dissociated by treatment with trypsin (10 mg/ml) and DNAse (0.25 mg/ml) for 10 min at 336 

37°C), were triturated with a P200 pipette tip attached onto a P1000 pipette tip, and then were plated 337 

onto 12-mm coverslips coated with Matrigel (BD Biosciences) plus poly-D-lysine. Typical plating 338 

density was two hippocampi per six coverslips. Culture media consisted of minimal essential media, 5 339 

mg/ml glucose, 0.1 mg/ml transferrin, 0.5 mM glutamax, 5% iron supplemented calf serum (Hyclone, 340 

Logan, UT), 2% B-27 supplement, 1 μM cytosine arabinoside, 50 units/ml of penicillin and 50 μg/mL 341 

of streptomycin. Cultures were maintained at 37°C in a humidified incubator gassed with 95% air and 5% 342 

CO2. Cells were infected with lentiviral partcicles that co-expressed GFP, WT Munc18-1-GFP or 343 

P335A Munc18-1-GFP and Cre recombinase at DIV3. 344 

A coverslip was placed on a recording chamber with extracellular solutions which contained (in 345 

mM): NaCl 140; KCl 5; CaCl2 2; MgCl2 1; HEPES 20; glucose 10; pH 7.4 and osmolarity ~300 mOsm. 346 

Recording electrodes were made with thin-wall borosilicate glass tubes (1.5 mm diameter, World 347 

Precision Instruments, Sarasota, FL) using a two-stage puller (Model PC-10, Narishige, Japan). 348 

Electrodes for whole-cell patch-clamp recordings were filled with a solution that contained 160 mM 349 

potassium gluconate, 2 mM HEPES and 0.1 mM EGTA (pH 7.28, 292 mOsm and pipette resistance of 350 
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5 MΩ). Recording was performed at room temperature under visualization of neurons with an upright 351 

microscope (Axioscope, Zeiss, Jena, Germany) equipped with 40X water immersion objective. Signals 352 

were recorded via a dual channel amplifier (700A, Molecular Devices/Axon Instruments, Sunnyvale, 353 

CA). Data acquisition, storage and analysis were done using PClamp software (version 9, Molecular 354 

Devices). These signals were recorded in frequencies of 0–5 kHz and digitized at 50 kHz (Digidata 355 

1320, Molecular Devices). Only neurons that had resting membrane potentials more negative than −50 356 

mV with series resistance of ≤20 MΩ after whole-cell configuration were used for analysis. 357 

Spontaneous excitatory postsynaptic currents were recorded by holding voltage at -70mV at least 10 358 

min.  359 

For data analysis, recording traces were first 60 Hz cycle noise filtered by Clampfit (version 9, 360 

Molecular Devices) then were processed in MATLAB 2016b (MathWorks, Natick, MA). Custom 361 

functions were written to automatically count excitatory postsynaptic currents that were more than a 362 

noise level (~5pA). The occurrence of events was expressed as cumulative probability as well as 363 

number of occurrence per 10 sec.  364 

 365 

Statistical Analysis 366 

For two-group experiments, independent t-test was conducted, in which a significance level of 367 

difference was considered if a p value was less than 0.05. For comparison of multiple groups, one-way 368 

ANOVA (analysis of variance) followed by Tukey’s range test was conducted, with a significance 369 

level of 0.05. All statistical tests were conducted using OriginPro 9.0.  370 

 371 

 372 

Results 373 

Conformational change of a hairpin in domain-3a of Munc18-1 confers phenotypes consistent 374 

with increased synaptic activity in vivo. 375 
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The P335A mutation was predicted to favor an extended conformation of the domain-3a loop of 376 

Munc18-1 over the bent conformation favored by wild-type (WT) Munc18-1 (Hu et al., 2011). Recent 377 

studies have demonstrated that introduction of this mutation causes increased SNARE-mediated fusion 378 

in liposome fusion assays and in dense core vesicle exocytosis from both PC12 cells (Han et al., 2014) 379 

and chromaffin cells (Munch et al., 2016). To examine how the mutation affects synaptic function in 380 

vivo, we compared the ability of Munc-18-1(P335A) and wild-type (WT) Munc18-1 to rescue the 381 

phenotype of C. elegans unc-18(e81) mutants (Brenner, 1974; Hosono et al., 1992) (Fig. 1). The e81 382 

allele contains a premature stop codon mutation and thus is likely null (Sassa et al., 1999; Weimer et al., 383 

2003). We used rescue constructs similar to those used by Gengyi-Ando et al. (1996), who 384 

demonstrated that Munc18-1, but not Munc18-3, can partially rescue paralysis of unc-18(e81) 385 

(Gengyo-Ando et al., 1996).  386 

To accommodate for the phenotypic variations arising from the extrachromosomal array 387 

expression of Munc18-1, we generated multiple transgenic lines expressing each rescue construct and 388 

examined the motility by performing thrashing assays. The expression of Munc18-1 proteins was 389 

driven by the promoter of unc-18 gene (Punc-18). We found that WT Munc18-1 rescued the motility 390 

defect of unc-18(e81) to ~50% of N2 wild-type level, while Munc18-1(P335A) rescued the motility of 391 

unc-81(e81) significantly better than WT Munc18-1 (Fig. 1B). Using GFP-tagged Munc18-1 proteins 392 

(Munc18-1::GFP), we confirmed the neuronal expression of both WT and P335A mutant in transgenic 393 

strains (Fig. 1A). Expression of the GFP-tagged mutant Munc18-1 also rescued the motility defect 394 

better than GFP-tagged WT Munc18-1 (Fig. 1B), in both extrachromosomal and integrated arrays (Fig. 395 

1A, 1C). We observed similar rescuing ability of mutant Munc18-1 expressed in C. elegans harboring 396 

another loss-of-function allele of unc-18, md299, which contains deletions of the promoter and 5’ half 397 

of the gene (Weimer et al., 2003) (Fig. 1C).  398 

To further evaluate the effect of this mutation, we measured the locomotion speed of C. elegans in 399 

the presence of food. Similar to the results from the thrashing assays, the locomotion speed of unc-400 
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18(e81) was partially rescued by expression of multiple copies of WT Munc18-1, but mutant Munc18-401 

1 exhibited a more robust rescue (Fig. 1D). Locomotion speed rescued by expression of GFP-tagged 402 

mutant Munc18-1 was significantly higher than that by the WT integrated arrays in both unc-18 mutant 403 

alleles (e81, md299) (Fig. 1E). Overall, our results indicate that the Munc18-1(P335A) mutant exhibits 404 

enhanced function compared to WT protein in rescuing locomotion of unc-18 mutants.  405 

C. elegans locomotion is driven by the activity of cholinergic motor neurons. We investigated 406 

whether the behavioral enhancement of unc-18 null animals expressing mutant Munc18-1 can be 407 

explained by increased synaptic transmission. To evaluate synaptic acetylcholine release, we examined 408 

the sensitivity of C. elegans to aldicarb, an inhibitor of acetylcholine esterase, a key enzyme that clears 409 

acetylcholine from the synaptic cleft (Materials and Methods). Aldicarb treatment in C. elegans leads 410 

to accumulation of acetylcholine in the neuromuscular junction, persistent muscle contraction, paralysis 411 

and lethality (Miller et al., 1996; Nonet et al., 1998; Mahoney et al., 2006). unc-18 loss-of-function 412 

mutants are resistant to aldicarb (Miller et al., 1996), consistent with impaired release of acetylcholine 413 

from motor neurons (Weimer et al., 2003). We found that GFP-tagged mutant Munc18-1 integrants 414 

exhibited higher sensitivity to aldicarb (1 mM) than GFP-WT Munc18-1 integrants (Fig. 1F). This 415 

indicates that cholinergic synaptic transmission was enhanced in animals expressing mutant Munc18-1 416 

compared to those expressing WT Munc18-1. Collectively, these results reveal that changing the 417 

conformation of a helical hairpin in domain-3a of Munc18-1 augments the ability of this protein to 418 

mediate synaptic acetylcholine release, thereby enhancing locomotory behavior.   419 

To examine the level of WT and mutant Munc18-1 transgenically expressed in unc-18 mutant C. 420 

elegans, we performed Western blot analysis. We found either WT or mutant Munc18-1 was expressed 421 

at various levels in different rescued lines, but, overall, a comparable expression between WT and 422 

P335A mutant proteins (Fig. 1G). This indicates that the increased motility and aldicarb sensitivity by 423 

the mutant over WT are not simply due to differences in their expression level.  424 

 425 
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Effect of the P335A hinge point mutation is conserved in the C. elegans orthologue of Munc18-1, 426 

UNC-18. 427 

The region surrounding Pro335 in domain-3a of Munc18-1 is highly conserved among homologues in 428 

various species including C. elegans (P334 in UNC-18). To determine whether the conformational 429 

change in domain-3a of UNC-18 also results in a similar effect, we tested the ability of the P334A 430 

mutant of UNC-18 to rescue the phenotype of unc-18(md299) in comparison with WT UNC-18. Here, 431 

we measured the motility and locomotion speed of unc-18(md299) carrying integrated WT or mutant 432 

UNC-18 array. The reduction of both parameters seen in unc-18(md299) was fully rescued by 433 

expression of WT UNC-18 under the control of Punc-18 promoter (Fig. 2A and B). Furthermore, the 434 

expression of mutant UNC-18 induced modest, but significant, enhancement of thrashing compared to 435 

WT UNC-18 (Fig. 2A) though we did not observe a difference in locomotion speed (Fig. 2B).  436 

Importantly, mutant UNC-18(P334A) exhibited dramatically higher sensitivity to aldicarb as 437 

compared to the WT UNC-18 integrants or N2 animals, indicating an increase in synaptic acetylcholine 438 

release (Fig. 2C). Such a strikingly high aldicarb sensitivity was previously reported for tom-1 (ok285) 439 

null animals (Dybbs et al., 2005). Tomosyn/TOM-1 is a key negative regulator of SNARE-mediated 440 

fusion that competes with synaptobrevin for binding to the other SNAREs (Malkin et al., 1990; 441 

Hatsuzawa et al., 2003; Gracheva et al., 2006; McEwen et al., 2006). The mutant UNC-18 rescued line 442 

exhibited even higher sensitivity to aldicarb than tom-1(ok285) (Fig. 2C). These results indicate that 443 

acetylcholine release is significantly facilitated by expression of UNC-18(P334A) in unc-18(md299) 444 

compared to WT, and the degree of facilitation is comparable to or even greater than in the tom-1 null 445 

condition. 446 

 447 

Overexpression of WT or mutant UNC-18(P334A) in the wild-type background shows opposite 448 

effects on motility and synaptic release. 449 
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Since we introduced multiple copies of WT or mutant UNC-18 in unc-18(md299), either protein was 450 

likely to be expressed at higher than endogenous level. UNC-18 and its Drosophila orthologue, ROP, 451 

were shown to inhibit synaptic release when they were strongly overexpressed far beyond their 452 

endogenous levels in wild-type C. elegans and Drosophila, respectively (Schulze et al., 1994; Wu et al., 453 

1998; Weimer et al., 2003). We questioned how expression of WT and mutant UNC-18 in the presence 454 

of endogenous UNC-18 would affect the behavior of animals and synaptic release and hence examined 455 

the resulting phenotype.  456 

We found dramatic differences between the effects of WT and mutant UNC-18 in the presence of 457 

endogenous UNC-18. Specifically, overexpression of WT UNC-18 strongly decreased motility and 458 

aldicarb sensitivity (Fig. 3). It is quite surprising that expression of the identical WT UNC-18 integrant 459 

causes such a dramatic difference on motility depending on the genetic background [unc-18 null 460 

(md299) background in Fig. 2A vs. N2 WT background in Fig. 3A]. In contrast, overexpression of 461 

mutant UNC-18 increased motility (Fig. 3A) and strongly enhanced sensitivity to aldicarb (Fig. 3B). 462 

These results indicate that when the expression level of WT UNC-18 is higher than that of the 463 

endogenous UNC-18, synaptic release is strongly inhibited, as previously reported (Weimer et al., 464 

2003). Furthermore, the greater rescuing ability of mutant UNC-18in unc-18(md299) (Fig. 2) cannot 465 

simply be explained by its higher expression than multiple copies of the transgene encoding WT UNC-466 

18. Rather, mutant UNC-18 exhibits a positive effect on motility and synaptic release without showing 467 

overexpression-induced inhibition of synaptic release. Hence, we conclude that the P334A mutation 468 

causes strikingly different phenotypes from WT in synaptic release and locomotion.  469 

 470 

Overexpressed mutant UNC-18 partially bypasses the requirement of UNC-13.  471 

Similar to Munc18-1/UNC-18, Munc-13/UNC-13 is believed to be involved in synaptic vesicle 472 

priming. Munc13-1 performs its function in priming at least in part by opening “closed” syntaxin-473 

1/UNC-64 (Richmond et al., 2001; Yang et al., 2015). Since mutant UNC-18(P334A) shows strong 474 
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enhancement of synaptic release, presumably by increasing vesicle priming, we asked whether it could 475 

bypass the requirement for UNC-13. The s69 allele of unc-13 harbors a 5 bp deletion, which causes a 476 

frameshift in the common domain of short and long isoforms of UNC-13, and thus considered to be 477 

null (Richmond et al., 1999). As demonstrated in a previous study (Sassa et al., 1999), unc-478 

13(s69);unc-18(md299) double mutants exhibit lethality. Either WT or mutant UNC-18 rescued the 479 

lethality (Fig. 4). We compared the motility of these animals to that of unc-13(s69). The motility of 480 

double mutants expressing WT UNC-18 was comparable to that of unc-13(s69) (Fig. 4A). However, 481 

the double mutants expressing UNC-18(P334A) markedly restored motility, with an increase in 482 

thrashing by 15 times compared to unc-13(s69). This result indicates that the phenotype of unc-13(s69) 483 

was partially suppressed by the P334A mutation in unc-18.  484 

We further asked whether expression of mutant Munc18-1(P335A) would also lead to suppression 485 

of the behavioral defects associated with unc-13(s69). We were unable to obtain viable unc-13 and 486 

unc-18 double mutants that expressed WT Munc18-1, but those expressing mutant Munc18-1 were 487 

viable. More importantly, these viable animals displayed an even slightly higher motility than unc-488 

13(s69), suggesting that only Munc18-1(P335A) could partially bypass the requirement for UNC-13, 489 

albeit less significantly than the C. elegans UNC-18(P334A). Locomotion speed of unc-13 and unc-18 490 

double mutants expressing Munc18-1(P335A) was rescued to a comparable level to that of unc-13(s69) 491 

(Fig. 4B). The double mutants expressing C. elegans UNC-18(P334A) exhibited twice the locomotion 492 

speed of unc-13 single mutants. These results indicate that the mutant form of UNC-18, which 493 

presumably harbors the constitutively extended conformation of the helical hairpin in domain-3a, 494 

partially bypasses the requirement of UNC-13 in vivo.  495 

 496 

C. elegans harboring the unc-18(P334A) knock-in (KI) allele exhibits enhanced synaptic release. 497 

During the course of our study, the CRISPR/Cas9-mediated gene replacement method has become 498 

feasible in C. elegans (Levine, 1997; Dickinson et al., 2013; Friedland et al., 2013; Norris et al., 2015). 499 
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To characterize mutant UNC-18(P334A) at the endogenous level, we generated C. elegans harboring 500 

the P334A KI allele using CRISPR/Cas9 technology (Fig. 5A; Methods). Owing to the large size of the 501 

repair template which contained two selection markers, GFP and neomycin resistant gene, we 502 

generated a novel unc-18 null (KO) allele (sks1), in which the insertion of the repair template fully 503 

disrupted the unc-18 gene (Fig. 5B; Materials and Methods). C. elegans harboring this putative null 504 

allele exhibited almost no thrashing, which is a more severe locomotion phenotype than what is 505 

observed in animals carrying the canonical severe loss-of-function allele e81 or md299 (Fig. 5B). 506 

Following the expression of Cre recombinase and removal of selection markers, the motility of C. 507 

elegans was fully restored. Using PCR for genotyping, we verified that the animals displaying restored 508 

motility harbored the KI allele (Fig. 5C).  509 

We analyzed the phenotype of the P334A KI animals, unc-18(sks2). We observed a trend of 510 

increased thrashing activity in unc-18(sks2) compared to the N2 wild-type animals although this 511 

increase did not reach statistical significance (Fig. 5B). Hence, the slight but statistically significant 512 

increase in the motility of unc-18 null mutants expressing multiple copies of UNC-18(P334A) may 513 

reflect the effect of overexpression (Fig. 3A). Nevertheless, unc-18(sks2) were strongly hypersensitive 514 

to aldicarb when compared to the WT N2 animals, indicating that synaptic release was facilitated in the 515 

KI animals (Fig. 5F). Thus, transgenic overexpression of P334A in unc-18(md299) or KI of unc-516 

18(P334A) caused behavioral enhancement correlated with increased acetylcholine release in C. 517 

elegans.  518 

We also observed that the unc-18(sks2) manifested a reduction in body size which was measured 519 

as their body length and area (Fig. 5D), yet their brood size was still comparable to that of N2 C. 520 

elegans (Fig. 5E). Notably, we made an observation that tom-1 null animals, which are reported to 521 

exhibit enhancement of neurotransmitter release (Gracheva et al., 2006; McEwen et al., 2006), also 522 

displayed reduced body length, as previously reported (Lee et al., 2011). In C. elegans, mutations in 523 

components of BBSome (bbs-1, -2, -5, -7, -8, -9) consistently result in hypersecretion from dense-core 524 
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vesicles and reduction of the body size (Lee et al., 2011). Thus, it is possible that a decrease in body 525 

size seen in the KI mutant is caused by hypersecretion from dense-core vesicles in addition to that from 526 

synaptic vesicles. 527 

To obtain direct evidence for the increased release from presynaptic neurons, we performed 528 

electrophysiological recordings from the neuromuscular junction of unc-18(sks2) KI animals (Fig. 6). 529 

We found that the frequency of miniature postsynaptic currents (mPSCs) was significantly increased in 530 

unc-18(sks2) compared to WT animals (Fig. 6A). Body wall muscles receive synaptic inputs not only 531 

from excitatory (acetylcholine) motor neurons but also from inhibitory (GABA) motor neurons 532 

(Richmond and Jorgensen, 1999). To exclude the inhibitory effects of GABA-mediated synaptic 533 

transmission, we also generated unc-18(sks2) in a GABAA receptor mutant background, unc-49(e407) 534 

(Richmond and Jorgensen, 1999). We found that the frequency of spontaneous acetylcholine release in 535 

uns-49(e409);unc-18(sks2) double mutants was significantly higher than in unc-49(e407) (Fig. 6B, left 536 

panel). The amplitude of mPSCs in unc-49(e407), unc-18(sks2), and the double mutants, however, was 537 

comparable to that of WT animals (Fig. 6B, right panel). Thus, we conclude that the KI mutation in 538 

unc-18 significantly increases synaptic release. 539 

 540 

unc-18(P334A) KI and tom-1 null mutants show strong synergy in suppressing the unc-13 null 541 

mutant phenotype. 542 

While the majority of mutations identified in synaptic genes cause reduced synaptic activity, the unc-543 

18(P334A) KI augmented synaptic vesicle release and the motility of C. elegans (Fig. 5B, F, Fig. 6). 544 

Thus, we exploited such rare mutation in unc-18 to investigate the potential genetic interactions of this 545 

gene and others, such as tom-1. The locomotory behavior of the KI animals was assessed in comparison 546 

to that of tom-1 null (ok285) animals. The KI animals exhibited higher motility than tom-1(ok285) (Fig. 547 

7A). Nonetheless, they were comparable to the tom-1 null mutants when subjected to aldicarb (Fig. 7B). 548 

We then asked how both locomotion behavior and aldicarb sensitivity would be altered by the double 549 
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mutation of unc-18(sks2) and tom-1(ok285). Interestingly, these double mutants displayed higher 550 

motility than wild-type N2 or tom-1 single mutants (Fig. 7A). Not only did they exhibit higher 551 

sensitivity to aldicarb than N2 wild-type animals, but they were also more sensitive than either tom-1 or 552 

unc-18 single mutants (Fig. 7B). These results show that the combination of the unc-18(P334A) 553 

mutation and the null mutation in tom-1 causes greater enhancement of locomotion behavior and 554 

synaptic transmission than the single mutations. 555 

To further investigate the effect of unc-18(P334A) with other synaptic genes, we generated unc-556 

13(s69) harboring the unc-18 KI, tom-1(ok285), or both mutant alleles. We already found that the unc-557 

18(md299) and unc-13(s69) double mutant animals expressing multiple copies of mutant UNC-18 558 

showed drastic improvement in their locomotion behavior compared to unc-13(s69) single mutants (Fig. 559 

4). Consistent with this result, unc-13(s69) harboring the unc-18(P334A) KI allele exhibited increased 560 

locomotion on bacterial lawn and enhanced motility in liquid medium compared to the unc-13 single 561 

mutants (Fig. 7C and D). The tom-1 null mutation conferred partially restored motility and locomotion 562 

(Fig. 7C and D) and increased aldicarb sensitivity (Fig. 6E) in the unc-13(s69) single mutant 563 

background. In contrast, unc-13(s69) harboring the unc-18(P334A) KI allele still showed strong 564 

resistance to aldicarb (Fig. 7E), indicating that depression of the synaptic transmission arising from 565 

UNC-13 deficiency was not rescued by expression of UNC-18(P334A) at the endogenous level. 566 

Surprisingly, unc-13(s69);tom-1(ok285);unc-18(sks2) triple mutants displayed the most striking 567 

rescue of locomotion and motility (Fig. 7C and D). The degree of rescue was greater than the additive 568 

effect of tom-1(ok285) and unc-18(sks2). More importantly, these triple mutants were as sensitive to 569 

aldicarb as N2 wild-type animals (Fig. 7F). This result suggests that acetylcholine release was almost 570 

completely restored in the triple mutants, although the locomotion behavioral defects did not seem to 571 

be fully rescued (Fig. 7C and D). UNC-13 has two isoforms (short and long) and controls the timing of 572 

release via these two isoforms. It has been suggested that the long form (UNC-13L) is critical for fast 573 

transmitter release, while the short form (UNC-13S) is important for slow release (Hu et al., 2013; 574 
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Zhou et al., 2013). Since TOM-1/tomosyn selectively inhibits slow release mediated by UNC-13S (Hu 575 

et al., 2013), it is likely that our triple mutants exhibit primarily slow release, accounting for a lack of 576 

full rescue of movement.   577 

 578 

Munc18-1(P335A) enhances liposome fusion, partially bypassing the requirement of Munc13-1.  579 

Using in vivo systems, it is difficult to directly address whether the enhanced function of UNC-580 

18(P334A) in synaptic transmission, including its ability to bypass the requirement for UNC-13, is due 581 

to the direct action of the mutant protein on SNARE proteins, or the indirect effects of interactions 582 

between the mutant and other proteins. We therefore tested whether the effect of Munc18/UNC-18 583 

(P335A/P334A) on vesicle release and the behavior of C. elegans can be reproduced in vitro using 584 

liposome fusion assays with defined protein factors and Munc18-1 (WT or P335A). Note that 585 

enhancing effects of mutant Munc18(P335A) had already been observed in previous reconstitution 586 

experiments, but fusion in these experiments did not require Munc13 (Parisotto et al., 2014). Our recent 587 

reconstitution studies showed that fusion requires both Munc18-1 and Munc13-1 when NSF and 588 

SNAP are included, because NSF- SNAP disassemble syntaxin-1-SNAP-25 complexes, and 589 

Munc18-1 together with Munc13-1 mediate SNARE complex assembly in an NSF- SNAP resistant 590 

manner (Ma et al., 2013; Liu et al., 2016). Using this new assay, we can directly test the enhancement 591 

of lipid and content mixing by Munc18-1(P335A) in the presence and absence of Munc13-1.  592 

We first performed both lipid and content mixing assays where we included the three SNAREs, 593 

NSF, α-SNAP, Munc18-1, a fragment spanning the synaptotagmin-1 C2 domains (C2AB), and a 594 

fragment spanning the conserved C-terminal region of Munc13-1 (referred to as the C1C2BMUNC2C 595 

fragment) (Fig. 8A, 8B). Interestingly, WT Munc18-1 exhibited very little content mixing before 596 

adding Ca2+ whereas the P335A mutant induced efficient content mixing. Once Ca2+ was added, both 597 

WT and mutant Munc18-1 induced rapid and strong content mixing. These results show that the P335A 598 
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mutant helps to efficiently overcome an energy barrier that strongly hinders fusion in the absence of 599 

Ca2+, and that is relieved by Ca2+ binding to the Munc13-1 C2B domain in this system as observed for 600 

the Munc18-1 D326K mutant that was described recently (Sitarska et al., 2017). A dramatic difference 601 

between WT and the P335A mutant was observed when we did analogous experiments without the 602 

Munc13-1 fragment (Fig. 8C, 8D). While there was very little content mixing without Munc13-1 603 

C1C2BMUNC2C in the case of the WT Munc18-1, there was considerable content mixing with the 604 

P335A mutant (Fig. 8C-E) Note that fusion was only observed upon Ca2+ addition in these experiments 605 

because, unlike the Munc13-1 C1C2BMUNC2C fragment, the synaptotagmin-1 requires Ca2+ for 606 

stimulation of SNARE complex formation and fusion (Liu et al., 2016). These results suggest that our 607 

in vitro fusion assays can reproduce at least to some extent the gain-of-function phenotype of the 608 

P335A mutant, including partial bypassing of the Munc13-1 requirement. Since our fusion assays are 609 

composed of the three SNAREs, NSF, α-SNAP, Munc18-1, and synaptotagmin-1 C2AB, the effects of 610 

the P335A mutation are likely to arise from interactions of Munc18-1 with some of these proteins, most 611 

notably the SNAREs. 612 

 613 

The P335A mutation in Munc18-1 facilitates SNARE complex formation and enhances binding of 614 

Munc18-1 to the preformed SNARE complex. 615 

We explored the mechanisms of how the Munc18-1(P335A)/UNC-18(P334A) mutants manifest the 616 

gain-of-function phenotypes which include enhanced synaptic release and motility, the lack of 617 

suppression of transmitter release when overexpressed, and the partial bypassing of the Munc13-618 

1/UNC-13 requirement in vitro and in vivo. While the bent conformation of the helical hairpin in 619 

domain-3 of Munc18-1 is compatible with binding to syntaxin-1, the extended conformation has been 620 

predicted to be inconsistent with binding to closed syntaxin-1 (Hu et al., 2011). The structural 621 

consequences of the P335A mutation are unclear, but our finding suggests that it facilitates SNARE 622 

complex assembly starting from the binary syntaxin-1-Munc18-1 complex. To test this idea, we 623 
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examined the assembly of the SNARE complex in the presence of Munc18-1. GST-fused syntaxin-1 624 

was first incubated with His-tagged WT or mutant Munc18-1 to form the binary complex, followed by 625 

the addition of SNAP-25 and VAMP2 (Fig. 9A). The incubated proteins were run on SDS-PAGE gels. 626 

The interaction of syntaxin-1 with WT Munc18-1 was so strong that the formation of SNARE complex 627 

did not occur. In contrast, the P335A Munc18-1 clearly led to SNARE complex formation. As 628 

previously reported, these SNARE complexes were SDS-resistant, and their thermal stability was 629 

disrupted upon boiling. Note also that the binding of syntaxin-1 to the mutant Munc18-1 was not as 630 

strong as to WT Munc18-1 (Fig. 9A), likely because the mutation of the hinge point disturbed the bent 631 

conformation of Munc18-1. Moreover, these results show that the P335A mutation in Munc18-1 632 

promotes the formation of the SNARE complex, as predicted by the template model. These results also 633 

explain why overexpressed WT UNC-18 inhibits neurotransmission whereas overexpressed UNC-18 634 

(P334A) does not (Fig. 3). 635 

Since we observed that a loss-of-function mutation (KE/5I) in domain-3a of Munc18-1 636 

significantly reduces the ability of Munc18-1 to bind the preformed SNARE complex (Han et al., 2013), 637 

we speculated that the P335A mutation may enhance the binding, which could also provide an 638 

explanation for increased function caused by the mutation. To test this possibility, we examined the 639 

direct interaction between the SNARE complex and WT or mutant Munc18-1 (Fig. 9B). The formation 640 

of the SNARE complex was induced by incubating the three SNARE proteins: syntaxin-1, strep-641 

SNAP-25, and His-tagged synaptobrevin-2. We then added WT or mutant Munc18-1 to allow binding 642 

to the SNARE complex. Next, the mixture was run on SDS-PAGE gels to examine the binding of 643 

Munc18-1 to the SNARE complex. We found that Munc18-1(P335A) was able to bind to the SNARE 644 

complex more effectively than WT Munc18-1 (Fig. 9B). When normalized with the amount of 645 

immobilized strep-SNAP-25 or syntaxin-1A within the preformed SNARE complex, the amount of 646 

mutant Munc18-1 bound to the preassembled complex was significantly higher than that of WT (Fig. 647 

9C). Collectively, these results suggest that promoting the extended conformation of the helical hairpin 648 
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in Munc18-1/UNC-18 increases both SNARE complex assembly and the affinity for the SNARE 649 

complex. To test whether mutant Munc18-1 mutant non-specifically binds to agarose beads more than 650 

the WT, we examined the binding of this mutant vs WT to the agarose beads onto which only strep-651 

SNAP-25 is immobilized. We found that both mutant and WT proteins displayed very little binding to 652 

the beads and that there is no difference in non-specific binding between the two proteins (Fig. 9D). 653 

This result indicates that the P335A mutant exhibits increased binding specific to the preassembled 654 

SNARE complex.  655 

 656 

Munc18-1(P335A) exhibits dominant-positive effects on the frequency of miniature EPSCs in 657 

mammalian neurons. 658 

The enhanced ability of Munc18-1(P335A) to form and to bind the SNARE complex seems to explain 659 

the positive phenomenon in which the P334A mutant of UNC-18 can facilitate synaptic transmission 660 

even in the presence of endogenous UNC-18 (Fig. 3). We asked whether Munc18-1(P335A) can also 661 

increase synaptic transmission of mammalian neurons that express endogenous WT Munc18-1 in a 662 

dominant-positive manner. The precise electrophysiology available in mammalian neurons allows us to 663 

test whether the mutant increases the frequency and/or kinetics of SNARE-mediated fusion events. 664 

Therefore, we infected E16 cortical neurons with lentiviruses expressing GFP, WT Munc18-1-GFP, or 665 

Munc18-1(P335A)-GFP and subsequently examined the effects of expressed proteins on synaptic 666 

transmission.  667 

To determine the presynaptic effects of Munc18-1 expression, only GFP-negative neurons were 668 

patched. Infection of neurons with lentivirus yielded an efficiency of ~50% across all three groups 669 

(example images shown in Fig. 10A). Thus, GFP-negative cells were readily accessible for patch clamp. 670 

In the absence of stimulation, there is spontaneous fusion of synaptic vesicles (Fig. 10B), which 671 

enables the measurement of the quantal size and kinetics of these single fusion events (postsynaptic 672 

currents; PSP). As summarized in Fig. 10C, there was a significant difference among the three groups 673 
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(one-way ANOVA, F(2,33)=19.69, P=2.36*10-6, n=12/group); the frequency of spontaneous events 674 

was significantly higher in the P335A Munc18-1 expressing groups compared to the control or WT 675 

Munc18-1 groups (54.36±1.64 events/10 s versus, respectively, 44.39±1.43 or 41.96±1.35 events/10 s; 676 

P<0.01 and P<0.001, respectively). However, there was no significant difference across the three 677 

groups for PSP size (27.16±1.31 pA; 30.04±2.06 pA; 25.66±1.09 pA for control, WT Munc18, and 678 

P335A Munc18 groups, respectively; ANOVA, F(2,33)=2.09, P=0.11; n=12/group) or decay kinetics 679 

(8.77±0.14 ms; 8.29±0.25 ms; 8.38±0.13 ms for control, WT Munc18, and P335A Munc18 groups, 680 

respectively; ANOVA, F(2,33)=1.96, P=0.16; n=12/group). Our results indicate that P335A mutant of 681 

Munc18-1 can stimulate the frequency of the SNARE-mediated fusion events in the presence of 682 

endogenous Munc18-1, but it does not seem to accelerate the kinetics of fusion events. 683 

In addition, we also compared the ability of mutant Munc18-1 versus WT to support 684 

neurotransmitter release from neurons in which endogenous Munc18-1 level is reduced. Munc18-1 KO 685 

neurons are known to suffer from severe neurodegeneration starting at E12 in mice (Verhage et al., 686 

2000). To circumvent this problem, we generated Munc18-1 floxed mice using ES cells from 687 

EUCOMM (see Materials and Methods). We infected the cultured neurons isolated from Munc18-1 688 

floxed mice with the lentivirus co-expressing GFP or WT Munc18-1-GFP or P335A Munc18-1-GFP 689 

with Cre recombinase at DIV3. GFP expression in the infected neurons escalated daily and expression 690 

of Cre recombinase plus GFP started to deteriorate the health of the neurons at DIV15. By DIV25, we 691 

found no surviving GFP positive neurons in accordance with the neurodegenerative Munc18-1 KO 692 

phenotype. Therefore, we performed whole-cell patch clamp recordings from the infected neurons at 693 

DIV13-15. Spontaneous EPSCs were recorded by holding the membrane potential at -70 mV, and only 694 

neurons with resting membrane potential more negative than -50 mV and series resistance of ≤ 20 MΩ 695 

for more than 10 min were included for analysis. We found that re-expression of Munc18-1 was able to 696 

rescue diminished synaptic transmission as the neurons with Munc18-1-WT-GFP or P335A-GFP 697 

exhibited higher frequency of spontaneous EPSCs than GFP only (Fig. 11). However, consistent with 698 
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the results from our C. elegans studies (Fig. 6), mutant Munc18-1 supported enhanced synaptic 699 

transmission compared to WT; the number of events of spontaneous EPSCs was significantly higher in 700 

neurons expressing Munc18-1 P335A than the WT (62.7±6.7 vs. 44.4±5.5, P<0.05; n=17 and 16, 701 

respectively). Thus, we conclude that the P335A mutant of Munc18-1 can increase synaptic release 702 

regardless of the presence or absence of endogenous Munc18-1 protein. 703 

 704 

Discussion 705 

Using a combination of approaches, the in vivo C. elegans system, in vitro liposome fusion assays, as 706 

well as synaptic transmission in primary mammalian neurons, we show that a specific missense 707 

mutation in the hinge point of a helical hairpin in domain-3a of Munc18-1/UNC-18 confers phenotypes 708 

consistent with increased synaptic exocytosis. These phenotypes include: (i) enhanced synaptic release 709 

and the motility of animals in the absence (Fig. 1, 2, 5, 6, 11) and presence (Fig. 3, 10) of WT 710 

endogenous UNC-18; and (ii) the ability to partially bypass the requirement of Munc13-1/UNC-13 in 711 

membrane fusion in vitro (Fig. 8) and in vivo (Fig. 4), particularly in the absence of Tomosyn/TOM-1 712 

(Fig. 7). 713 

Our results offer crucial insights into the functional interplay between Munc18-1/UNC-18 and 714 

Munc13-1/UNC-13, and at the same time illustrate vehemently the complexity of the regulation of 715 

neurotransmitter release. Munc18-1 is a central component of the release machinery, playing both 716 

inhibitory and active functions. The binary interaction of Munc18-1 with syntaxin-1 stabilizes both 717 

proteins (Verhage et al., 2000; Arunachalam et al., 2008; Han et al., 2009; Han et al., 2010; Han et al., 718 

2011), serving a chaperone-like role. At the same time, this interaction imposes an energy barrier for 719 

progression towards synaptic vesicle fusion, because the closed conformation of syntaxin-1 is 720 

incompatible with the formation of SNARE complex (Dulubova 1999; Misura 2000). The mechanism 721 

underlying the active role(s) of Munc18-1 was highly enigmatic, but recent data strongly suggested that 722 

Munc18-1 orchestrates the SNARE complex assembly in an NSF-SNAP-resistant manner together with 723 
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Munc13-1 (Ma et al., 2013). Furthermore, the crystal structures of the yeast SM protein Vps33 bound 724 

to the Vam3 or Nyv1 SNARE motifs (Baker et al., 2015) yielded compelling evidence that SM proteins 725 

in general provide a template to assemble the SNARE complex. On the other hand, structural studies 726 

indicated that Munc18-1 can adopt at least two conformations, one where the loop of domain-3a is 727 

furled and binds to syntaxin-1 (Misura 2000), and another where the loop is unfurled and one of the 728 

helices in domain-3a is extended (Hu et al., 2011), as observed in the structure of Vps33 bound to the 729 

synaptobrevin homologue Nyv1. These findings imply that Munc18-1 needs to adopt an unfurled 730 

conformation to template the SNARE complex assembly, which was supported by recent experiments 731 

with a Munc18-1 mutation that favors the unfurled conformation (Sitarska et al., 2017). 732 

The structural basis for the effects of the P335A mutation is unclear, although this mutation was 733 

designed to extend one of the helices of domain-3a of Munc18-1 (Hu et al., 2011; Parisotto et al., 2014). 734 

The structural studies of Vps33 show that, even in the unfurled conformation, there is a kink in the 735 

extended helix with a proline in the corner (Baker et al., 2015). Regardless of the structural 736 

consequences of the P335A mutation, it is clear that the mutation increases the activity of Munc18-1 in 737 

synaptic function, likely because it decreases the affinity for closed syntaxin-1 (Han et al., 2014) and/or 738 

because it facilitates the transition from the binary Munc18-1-closed syntaxin-1 complex to the 739 

SNARE complex (Fig. 9A). Since the P335A mutation also increases binding to the assembled SNARE 740 

complex (Fig. 9B), it is also plausible that the increased activity arises in part because it stabilizes the 741 

Munc18-1-SNARE macromolecular assembly and this assembly is critical for fusion. 742 

The observation that a closed syntaxin-1 conformation binds to Munc18-1 with a furled loop 743 

conformation indicates that this binary complex imposes at least two energy barriers for SNARE 744 

complex formation even if it constitutes a critical starting point for the pathway that leads to fusion. 745 

Genetic evidence that an open form of syntaxin-1 (Dulubova et al. 1999) exhibited partial rescue of the 746 

unc-13 mutant phenotype (Richmond et al., 2001), together with biophysical and mutational data (Ma 747 

et al., 2011; Yang et al., 2015), has established that Munc13-1 plays a key role in opening syntaxin-1. 748 
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Our results here demonstrate that the unc-13 mutant phenotype can also be partially rescued by the 749 

P334A mutation in UNC-18, which may enhance its activity in templating SNARE complex assembly, 750 

and binding to the SNARE complex. Deletion of Tomosyn/TOM-1, a negative regulator of SNARE 751 

complex assembly, also partially rescues the unc-13 mutant’s phenotype (McEwen et al., 2006). The 752 

rescuing effect of tom-1 null and unc-18(P334) exhibits a strong synergy, although the underlying 753 

mechanism is still unclear. Importantly, such synergy was not observed between unc-64/syntaxin-1 754 

open mutant and tom-1 null mutants in the rescue of defects in unc-13 null animals (McEwen et al., 755 

2006). Tomosyn is known to inhibit release because it contains a domain homologous to the 756 

synaptobrevin SNARE motif that can form a tight four-helix bundle with syntaxin-1 and SNAP-25, 757 

thus preventing SNARE complex assembly (Malkin et al., 1990; Hatsuzawa et al., 2003). It is plausible 758 

that SNARE complex formation normally occurs through the Munc18-Munc13-dependent pathway and 759 

that tomosyn inhibits release through this same pathway. In this case, it is unlikely that mutant UNC-760 

18/Munc18-1 acts merely by decreasing its binding to the closed syntaxin-1 conformation, as such 761 

decrease would be expected to facilitate formation of both the SNARE complex and the tomosyn-762 

syntaxin-1-SNAP-25 complex. Therefore, the synergy with the tomosyn deletion could arise if the 763 

P334A mutation specifically increases the binding of UNC-18/Munc18-1 to synaptobrevin and/or to 764 

the SNARE complex, but not to tomosyn and/or the tomosyn-syntaxin-1-SNAP-25 complex. 765 

Alternatively, formation of the tomosyn-syntaxin-1-SNAP-25 complex may follow a parallel pathway 766 

that does not involve Munc18-1 and Munc13 but competes with the Munc18-1-Munc13-dependent 767 

pathway.  768 

We favor the latter model to explain our results. This model is more consistent with the role of 769 

Munc18-1 in templating the SNARE complex assembly (Baker et al., 2015; Sitarska et al., 2017). At 770 

the plasma membrane, syntaxin-1 is assumed to switch between its SNAP-25-bound state and its 771 

Munc18-1-bound state, the latter of which is more prevalent due to the higher affinity of syntaxin-1 for 772 

Munc18-1 (Ma et al., 2013). When Munc18-1 forms a binary complex with syntaxin-1, it proceeds to 773 
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template SNARE complex formation in a Munc13-dependent and NSF-SNAP-resistant manner, and 774 

likely remains bound to the SNARE complex. For Munc18-1 to selectively act as a template for 775 

SNARE complex assembly but not for formation of the syntaxin-1-SNAP-25-tomosyn complex, it 776 

needs to bind to residues of synaptobrevin that are not conserved in tomosyn. In this model, tomosyn 777 

binds to the syntaxin-1-SNAP-25 binary complex irreversibly via its synaptobrevin homologous 778 

SNARE motif through a Munc18-1 and Munc13-independent manner. In this scenario, the P334A 779 

mutation would tilt the balance between the syntaxin-SNAP-25 pathway and the syntaxin-Munc18-1 780 

pathway in favor of the latter because of the increased ability to template SNARE complex assembly, 781 

thus explaining the synergy with the tomosyn deletion. 782 

Much attention has been paid (naturally) to the mechanism of membrane fusion but, from the point 783 

of view of neuroscience, understanding how fusion does not occur prematurely is equally important: 784 

regulation of the probability of release though a diversity of mechanisms in different presynaptic 785 

plasticity processes shapes the properties of neural networks and underlies multiple forms of 786 

information processing in the brain (Nicoll and Schmitz, 2005; Regehr, 2012). Munc13s are master 787 

regulators of release because of their crucial role in orchestrating SNARE complex assembly and 788 

because of their multiple domains; thus, a calmodulin-binding motif, the C1 domain and the C2B 789 

domain respond to factors that mediate some types of presynaptic plasticity, such as Ca2+ and DAG, 790 

and the C2A domain binds to RIMs and Rab3s, which in turn control other forms of short- and long-791 

term presynaptic plasticity (Rizo and Südhof, 2012). The picture that emerges from our findings and 792 

those of previous studies is that all of these forms of regulation of synaptic vesicle fusion, which are 793 

crucial for brain function and survival, are made possible by the existence of energy barriers that hinder 794 

fusion such as those imposed by the furled loop conformation of Munc18-1, by the closed 795 

conformation of syntaxin-1 or by Tomosyn/TOM-1. This notion adds to evidence suggesting that other 796 

proteins such as synaptotagmin-1 and complexins also play inhibitory and active roles in release (Rizo 797 

and Xu, 2015). Although a few years ago there were hotly debated arguments as to whether a protein 798 
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such as complexin played an active or an inhibitory role in release, it seems that having both active and 799 

inhibitory roles is the rule rather than the exception for the components of the neurotransmitter release 800 

machinery, as in fact should be expected for proteins that control such an exquisitely regulated 801 

biological process. 802 

 803 

804 
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Figure Legends 944 

Figure 1. Munc18-1(Pro335A) enhances the protein’s ability to rescue the defects associated with 945 

unc-18 severe loss-of-function mutants. (A) GFP-tagged wild-type (left) or mutant (right) Munc18-1 946 

proteins are expressed under the control of unc-18 promoter. mCherry (red) is expressed in body wall 947 

muscles only. (B) The motility of C. elegans is measured by counting the number of thrashings per min 948 

in liquid. unc-18 mutants expressing multiple copies of mutant Munc18-1 exhibit higher thrashing rates 949 

than those expressing multiple copies of wild-type Munc18-1, regardless of whether or not Munc18-1 950 

is GFP-tagged. n=10-25. In one-way ANOVA statistical tests, [F(4,53)=12.7, P=2.50E-7] for 951 

comparison between non-GFP constructs, [F=(3,50)=23.2, P=1.5E-9] for comparison between GFP-952 

tagged constructs, and [F(3,48)=17.0, p=1.2E-7] for comparison between non-GFP mutant Munc18-1 953 

and GFP-tagged mutant Munc18-1. (C) Stable expression of mutant Munc18-1 in two independent unc-954 

18 mutant backgrounds leads to higher motility of C. elegans than that of wild-type Munc18-1. n=12-955 

16. In one-way ANOVA statistical tests, [F(2,46)=209.5, p=0] for e81 background and [F(2,47)=37.2, 956 

p=2.1E-10] for md299 background. (D) unc-18 mutants expressing multiple copies of mutant Munc18-957 

1 move at higher speeds on bacterial lawn than those expressing wild-type Munc18-1. n=14-17. In one-958 

way ANOVA statistical test, [F(9,144)=4.9, p=1.0E-5]. (E) Stable expression of mutant Munc18-1 in 959 

two independent unc-18 mutant backgrounds causes C. elegans to move at higher speeds than that of 960 

wild-type Munc18-1. n=15-18. In one-way ANOVA statistical tests, [F(2,45)=34.6, p=7.9E-10] for e81 961 

background and [F(2,43)=17.5, p=2.7E-6] for md299 background. (F) Aldicarb assays were conducted 962 

to assess the sensitivity of rescued unc-18 mutants to 1mM aldicarb. Stable expression of mutant 963 

Munc18-1 causes unc-18 mutants to be more sensitive to aldicarb than that of wild-type Munc18-1. 964 

n=7. An asterisk indicates statistical significance at P<0.05. Tukey test was performed for means 965 

comparisons in ANOVA. Error bars indicate SEM. (G) 50 μg of indicated samples were subjected to 966 

SDS-PAGE electrophoresis followed by immunoblotting. The expression of transgenic Munc18-1 was 967 
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detected by anti-Munc18-1 monoclonal antibody (1:1000) followed by enhanced chemiluminescence 968 

detection.  969 

 970 

 971 

Figure 2. Mutation of Pro334 confers a gain-of-function effect on UNC-18. (A) Mutation of Pro334 972 

enhances the ability of UNC-18 to restore the motility of unc-18 mutants.  n=18-19. In two-sample t-973 

test, t(35)=-2.09, P=0.044. (B) Locomotion speed measured in the presence of food is fully restored by 974 

expression of wild-type or mutant UNC-18 in unc-18 mutants. n=15-19. t(29)=0.08, P=0.94, two-975 

sample t-test. (C) unc-18 null mutants rescued by expression of mutant UNC-18 are more responsive to 976 

aldicarb than N2 and those rescued by expression of wild-type UNC-18. tom-1(ok285) indicates C. 977 

elegans lacking the gene encoding TOM-1, the ortholog of tomosyn. n=8. An asterisk indicates 978 

statistical significance at P<0.05. Error bars indicate SEM. NS indicates statistically non-significant. 979 

 980 

Figure 3. Overexpression of WT UNC-18 suppresses locomotion and acetylcholine release 981 

whereas the P334A mutant accelerates locomotion and release in wild-type (N2) animals. (A) 982 

Overexpression of wild-type UNC-18 severely impairs the motility of C. elegans compared to N2 983 

whereas overexpression of mutant UNC-18 enhances the motility. n= 28-32. In one-way ANOVA 984 

statistical test, [F(2,86)=1835.8, p=0]. Tukey test was performed for means comparisons. (B) 985 

Overexpression of wild-type UNC-18 decreases the sensitivity to aldicarb as compared to N2 while 986 

overexpression of mutant UNC-18 increases aldicarb sensitivity. n=7. An asterisk indicates statistical 987 

significance at P<0.05. Error bars indicate SEM. 988 

 989 

Figure 4. The behavioral defects associated with unc-13 mutant animals are partially rescued by 990 

the expression of the P334A mutant UNC-18. (A) Expression of mutant UNC-18 in the unc-13 and 991 

unc-18 double loss-of-function mutant background partially restores motility measured by thrashing 992 
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assays. In one-way ANOVA statistical test, mutant UNC-18 was excluded: [F(2,69)=8.9, p=3.74E-4]. 993 

n=19-28. (B) Expression of mutant UNC-18 in the unc-13 and unc-18 double mutant background 994 

partially restores locomotion speed measured in the presence of food. n=15-16. In one-way ANOVA 995 

statistical test, [F(2,43)=6.3, p=0.004]. An asterisk indicates statistical significance at P<0.05. Tukey 996 

test was performed for means comparisons in ANOVA. Error bars indicate SEM.  997 

 998 

Figure 5. C. elegans harboring the knock-in unc-18 allele (KI, P334A) exhibits enhanced 999 

acetylcholine release. (A) A schematic diagram represents how CRISPR-mediated homologous 1000 

recombination replaces the wild-type allele of unc-18 with the P334A allele. One of the selection 1001 

markers is GFP expressed by a pharynx-specific promoter. (B) In thrashing assays, unc-18(sks1) 1002 

mutant animals referred to as KO, harboring the selection markers in the unc-18 locus, exhibit 1003 

completely eliminated motility. Upon expression of Cre recombinase, the selection markers are excised, 1004 

generating the knock-in (KI) allele (sks2) containing a mutation that changes Pro334 to Ala334. 1005 

Thrashing of the unc-18 KI animals is comparable to that of N2 animals. t(42)=-1.53, p=0.13. n=21-23. 1006 

(C) PCR-based genotyping of unc-18(P334A) KI allele in comparison with WT allele. Note that the KI 1007 

allele is longer than WT allele by ~60 bp due to the inclusion of 34 bp of a loxP site as well as 1008 

restriction enzyme sites to generate the left and right arms for homologous recombination. (D) 1009 

Morphology of C. elegans harboring the KI allele. Comparisons of body length (left) and area (right) 1010 

were made between N2 (n=26) and the KI (n=17) C. elegans. The KI animals exhibit reduced body size 1011 

as determined by measuring their body length and area. Two-sample t-tests were performed: t(41)= 1012 

3.05, p=0.004 for length and t(41)= 2.51, p=0.016 for area. An asterisk indicates statistical significance 1013 

at P<0.05. Error bars indicate SEM. (E) Comparison of brood size is made between N2 (n = 5) and the 1014 

KI (n= 5) C. elegans. The brood size of these animals is comparable to that of N2. Two-sample t-test 1015 

was performed: t(8) = -0.63, p=0.55. (F) Aldicarb assays were conducted to indirectly compare 1016 

synaptic acetylcholine release between N2 and KI animals. Compared to N2, the KI animals exhibit 1017 
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hypersensitivity to aldicarb. n=4. An asterisk indicates statistical significance at P<0.05. NS indicates 1018 

statistically “non-significant”. Error bars indicate SEM. 1019 

 1020 

Figure 6. Frequency of mPSCs is increased in unc-18(sks2) mutants. 1021 

(A) Representative traces of spontaneous mPSCs in wildtype (WT), unc-18(sks2), unc-49(e407) and 1022 

unc-18(sks2); unc-49(e407) mutant animals. Muscles were holding at -60 mV. (B) Left panel: The 1023 

frequency of mPSCs was increased in unc-18(sks2) mutant animals compared to WT animals. Two-1024 

sample t-tests were performed: t(17) = -3.38, two asterisks indicate statistical significance at P<0.01; 1025 

t(11) = -2.67, an asterisk indicates statistical significance at P<0.05. Right panel: The amplitude of 1026 

mPSCs in unc-49(e407), unc-18(sks2), and the double mutants was comparable to that of WT animals. 1027 

In one-way ANOVA statistical test, F(3, 28)=0.27, P=0.85. NS indicates statistically “non-significant”. 1028 

Error bars indicate SEM. 1029 

 1030 

Figure 7. unc-18 KI and tom-1 null mutants show strong synergy in rescuing unc-13 mutant 1031 

defects. (A) unc-18 KI and tom-1 null double mutant animals swim at a higher thrashing rate than N2 1032 

and tom-1 null mutant animals. n=17-23. In one-way ANOVA statistical test, [F(3,76)=7.8, p= 1.3E-4]. 1033 

(B) unc-18 KI and tom-1 null double mutant animals are more responsive to aldicarb than N2, unc-18 1034 

KI animals, and tom-1 null mutants. n=4. (C) Traces of unc-13 single, double (unc-13 with unc-18 KI 1035 

or tom-1), and triple mutant (tom-1, unc-13 and unc-18 KI) C. elegans. These animals were placed on 1036 

fresh plates seeded with OP50 and recorded for 1.5 hrs. The images shown were taken at the end of 1037 

recording. Crawling of unc-13 mutants is partially restored by unc-18 KI or the combination of unc-18 1038 

KI and tom-1(ok285). (D) Thrashing assays of the same set of mutants (as in C) reveal that the motility 1039 

of unc-13 mutants is partially restored by unc-18 KI or tom-1;unc-18 KI. n=12-18. In one-way ANOVA 1040 

statistical test, F(3,57)=128.8, p=0. Tukey test was performed for means comparisons in ANOVA. (E) 1041 

Aldicarb assays were conducted to assess synaptic acetylcholine release among the same set of mutants 1042 
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(as in C). n=6. (F) N2 WT and the triple mutants (unc-13;unc-18 KI;tom-1) showed comparable 1043 

sensitivity to aldicarb. n=4. An asterisk indicates statistical significance at P<0.05. Error bars indicate 1044 

SEM.  1045 

 1046 

Figure 8. P335A mutant of Munc18-1 can substantially bypass the requirement of Munc13-1 in 1047 

lipid and content mixing assays. (A-D) Lipid mixing (A,C) between V- and T-liposomes was 1048 

measured from the fluorescence de-quenching of Marina Blue-labeled lipids and content mixing (B,D) 1049 

was monitored from the development of FRET between PhycoE-Biotin trapped in the T-liposomes and 1050 

Cy5-Streptavidin trapped in the V-liposomes. In (A,B), the assays were performed in the presence of 1051 

NSF-αSNAP, Munc13-1 C1C2BMUNC2C, synaptotagmin-1 C2AB fragment and WT or mutant 1052 

Munc18-1s as indicated. In (C,D), the assays were performed in the presence of NSF- SNAP, 1053 

synaptotagmin-1 C2AB fragment and WT or mutant Munc18-1s as indicated. Experiments were started 1054 

in the presence of 100 μM EGTA and 5 M streptavidin, and Ca2+ (600 μM) was added after 300 s. (E) 1055 

Quantification of content mixing in the experiments of panel D. Bars represent averages of the 1056 

normalized fluorescence observed after 800 s (500 s after Ca2+ addition) in experiments performed at 1057 

least in triplicate. Error bars represent standard deviations. 1058 

 1059 

Figure 9. P335A Munc18-1 increases SNARE assembly and its binding to the SNARE complex. 1060 

(A) WT or mutant Munc18-1 is initially incubated with syntaxin-1 only, and these two proteins are 1061 

further incubated with SNAP-25 and synaptobrevin-2. Mutant Munc18-1 but not WT Munc18-1 allows 1062 

syntaxin-1 to form the SNARE complex with synaptobrevin-2 and SNAP-25. Coomassie staining 1063 

reveals that the SNARE complex formed in the presence of mutant Munc18-1 is SDS-resistant but 1064 

destabilized upon boiling. n=4. (B) To examine the interaction between the SNARE complex and 1065 

Munc18-1, formation of the SNARE complex is first induced by incubating SNAP-25, syntaxin-1, and 1066 
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synaptobrevin-2. These SNARE proteins are further incubated with wild-type or mutant Munc18-1. 1067 

Coomassie staining shows that the binding of mutant Munc18-1 to the SNARE complex seems to be 1068 

greater than that of the wild-type. (C) The interaction between the SNARE complex and Munc18-1 1069 

variants is quantified by measuring the intensity of Munc18-1 bands in the Coomassie staining. The 1070 

intensity values were first normalized to those of SNAP-25 bands (left) or syntaxin-1A bands (right) 1071 

and then to the background staining (no Munc18-1 condition) such that the value for no Munc18-1 1072 

condition was set to 1. Paired t-test was performed. For normalization to SNAP-25: t(3) = 8.32, 1073 

P=0.004, n=4; For normalization to syntaxin-1: t(3) =4.86, P=0.017, n=4. Two asterisks indicate 1074 

statistical significance at P<0.01 and one asterisk indicates P<0.05. Error bars indicate SEM. (D) Non-1075 

specific binding of WT and mutant Munc18-1 to beads onto which strep-SNAP-25 was immporbilized. 1076 

 1077 

Figure 10. Munc18-1(P335A) increases spontaneous PSP frequency in the presence of 1078 

endogenous Munc18-1. GFP alone (control), wild-type Munc18-1 + GFP (wt Munc18), or P335A 1079 

Munc18-1 + GFP (P335A GFP) was introduced using lentivirus into primary mouse cortical neurons at 1080 

DIV1. (A) Representative images of DIV16 neurons expressing GFP (control), Munc18-1-wt-GFP (wt 1081 

Munc18), or Munc18-1-P335A-GFP (P335A Munc18). White scale bars represent 20 μm. (B) Example 1082 

traces of spontaneous PSP in the absence of stimulation. (C) Summary charts comparing the PSP 1083 

frequency, amplitude, or decay kinetics between the three groups. ** (GFP vs P335A) represents 1084 

P<0.01; ‡‡‡ (WT vs P335A) represents P<0.001 (One-way ANOVA with Tukey’s HSD post hoc test; 1085 

n=12/group).  1086 

 1087 

Fig. 11. Expression of Munc18-1 P335A enhances synaptic transmission in mouse hippocampal 1088 

neurons deficient of endogenous Munc18-1.  1089 

Hippocampal neurons isolated from homozygous Munc18-1 floxed mice (P0-P1) were infected with 1090 

lentivirus that are co-expressed GFP, WT Munc18-1-GFP or P335A Munc18-1 GFP with Cre 1091 
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recombinase at DIV3. Spontaneous EPSCs were recorded from the cultured neurons at DIV13-15 by 1092 

holding membrane potential at -70mV. Only neurons with series resistance of ≤ 20 MΩ for more than 1093 

10 min and resting membrane potentials more negative than -50 mV were included for analysis. 1094 

Spontaneous EPSCs with an amplitude less than 5 pA (noise) were omitted. (A) Example traces of 1095 

spontaneous PSP in the absence of stimulation. (B) Cumulative probability plot of spontaneous EPSC 1096 

frequency distribution from GFP, WT Munc18-1 GFP and P335A Munc18-1 GFP. (C) Average 1097 

number of spontaneous EPSC events recorded per 10 sec from an individual cell (grey triangle). Black 1098 

squares represent means of spontaneous EPSCs in each group. Error bars indicate SEM. * (P<0.05) and 1099 

** (P<0.01) represent significance [One-way ANOVA F(2,47)=25.99, P=0 with Tukey’s HSD post hoc 1100 

test; n=16-17/group]. 1101 

 1102 
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Table 1: C. elegans transgenes, alleles, and strains 1104 

Transgene DNA constructs Genotype Strain # 

sksEx1 Punc-18-Munc18-1 WT (cDNA) unc-18 (e81) X UHN1 

sksEx2 Punc-18-Munc18-1 WT (cDNA) unc-18 (e81) X UHN2 

sksEx3 Punc-18-Munc18-1 WT (cDNA) unc-18 (e81) X UHN3 

sksEx4 Punc-18-Munc18-1 P335A (cDNA) unc-18 (e81) X UHN4 

sksEx5 Punc-18-Munc18-1 P335A (cDNA) unc-18 (e81) X UHN5 

sksEx6 Punc-18-Munc18-1 WT::GFP (cDNA) unc-18 (e81) X UHN6 

sksEx7 Punc-18-Munc18-1 WT::GFP (cDNA) unc-18 (e81) X UHN7 

sksEx8 Punc-18-Munc18-1 P335A::GFP (cDNA) unc-18 (e81) X UHN8 

sksEx9 Punc-18-Munc18-1 P335A::GFP (cDNA) unc-18 (e81) X UHN9 

sksIs1  Punc-18-Munc18-1 WT::GFP 

(sksEx6) 

UHN10 

sksIs2  Punc-18-Munc18-1 P335A::GFP 

(sksEx8) 

UHN11 

  unc-18(e81)X; Punc-18-Munc18-1 WT::GFP 

(sksIs1) 

UHN12 

  unc-18(e81)X; Punc-18-Munc18-1 P335A::GFP 

(sksIs2) 

UHN13 

  unc-18(md299)X; Punc-18-Munc18-1 WT::GFP 

(sksIs1) 

UHN14 

  unc-18(md299)X; Punc-18-Munc18-1 P335A::GFP 

(sksIs2) 

UHN15 

sksIs3 Punc-18-unc-18 WT (cDNA) unc-18(md299)X; Punc-18-unc-18 WT  UHN16 

sksIs4 Punc-18-unc-18 P334A (cDNA) unc-18(md299)X; Punc-18-unc-18 P334A UHN17 

  unc-13(s69)I ;Punc-18-Munc18-1 P335A::GFP 

(sksIs2) 

UHN18 

  unc-13(s69)I ; Punc-18(md299)X; Punc-18-unc-18 

WT (sksIs3) 

UHN19 

  unc-13(s69)I ; Punc-18(md299)X; Punc-18-unc-18 

P334A (sksIs4) 

UHN20 

  unc-18(sks1[P334A+loxP Pmyo-2-GFP; Prps-27-

NeoR loxP])X 

UHN21 

  unc-18(sks2[P334A +loxP])X UHN22 

  tom-1(ok285)I; unc-18(sks2)X UHN23 

  tom-1(ok285)I; unc-13(s69)I UHN24 

  unc-13(s69)I;unc-18(sks2)X UHN25 

  tom-1(ok285)I;unc-13(s69)I; unc-18(sks2)X UHN26 

  unc-18(sks2)X;unc-49(e407)III UHN27 
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